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Preface

The XIV International Symposium on Brain Edema and Brain Tissue Injury took
place in Warsaw, Poland, on 11-14 June 2008.

Two prominent members of the International Society for Brain Edema: Dr. Igor
Klatzo and Dr. Julien Hoff have passed away after the last 2005 Symposium in Ann
Arbor, USA. Dr. Igor Klatzo was actually the founder of the Society, and the Advisory
Board decided to commemorate Dr. Igor Klatzo by introducing a lecture named after
him to be given at the Symposium. Prof. Dr. Hans-Jiirgen Reulen has been honored
to give the first Igor Klatzo lecture entitled “Bulk Flow and Diffusion revisited, and
Clinical Applications”.

This volume contains 65 out of the 104 papers presented at the Symposium as
lectures or posters. The topics of the Symposium were similar to those discussed at
the previous ones. Many discussions focused on clinical work especially diagnosis,
subarachnoid hemorrhage, hydrocephalus, and traumatic brain injury. Diagnosis and
therapy, including surgical methods, have also been verified. Much attention was
drawn to the application of decompressive craniectomy in the treatment of posttrau-
matic intracranial hypertension.

The pathomechanisms of brain edema and tissue injury studied in experimental
models have been also presented.

The Symposium was completed by a session on Nanoparticles organized by
Dr. Hari Shanker Sharma. This new topic was presented at the Brain Edema
Symposium for the first time. The impact of the nanoparticles on the blood-brain
barrier and brain edema as well as the possibility of use of nanoparticles in cases of
spinal cord damage have been discussed.

The Advisory Board and the Organizing Committee would like to thank the
authors for their co-operation and the Springer Verlag for the willingness to publish
the Symposium’s materials in line with our tradition to date.

We would like to announce that the XV International Symposium on Brain Edema
and Brain Tissue Injury will be held in Kawaguchi-Lake, Yamanashi, Japan in 2011
under the chair of Prof. Dr. Yoichi Katayama.

Zbigniew Czernicki and Editors
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Bulk Flow and Diffusion Revisited, and Clinical Applications

Hans-J. Reulen

Abstract The first Klatzo-Lecture pays homage to an
exceptional academician, scientist and teacher. The author
spent nearly 1 year in Klatzo’s laboratory at the NHI in
Bethesda, and the first part of results presented here origi-
nate directly from this collaboration. It was shown that
following cortical injury, movement of edema fluid into the
tissue occurs by bulk flow, and that the driving force is a
small tissue pressure gradient. Resolution of edema fluid is
achieved by clearance into the ventricular and subarachnoid
CSEF, is enhanced in the presence of pressure gradients and is
supported by re-absorption into capillaries. Using appropri-
ate techniques, the formation rate as well as clearance of
edema into CSF and tissue resorption could be determined in
human brain metastases and malignant gliomas.

Three examples of clinical applications based on the
discussed mechanisms are presented:

a. Fluorescence-guided surgery of gliomas is based on the
accumulation of 5-ALA in tumour cells; there being
enzymatically converted to PP-IX, a compound with deep
red fluorescence. This fluorescence is used for the more
accurate surgical removal of gliomas.

b. Radioimmunotherapy of gliomas uses an anti-tenascin
antibody, coupled with a nuclide, administered postoper-
atively into the tumour cavity, from where it diffuses into
tissue, couples to the receptor at the glioma cells. Then
the isotope destroys the tumour cells.

c. Convection-enhanced delivery is based on the interstitial
infusion of an appropriate cytotoxic drug into the white
matter at low pressure. Thus, the method employs bulk
flow, distributes a drug in a larger tissue volume and
eventually achieves drug concentrations greater than
systemic levels.

Experimental studies and clinical results are presented for
all three clinical applications.

H.-J. Reulen (IX)

Maximilians University Munich,
Kastellstr. 581247, Miinchen, Germany
e-mail: hjreulen@gmx.de

I am very grateful to Z. Czernicki and the organizing
group for being offered the great honour of presenting the
first Igor Klatzo Lecture. In this report first previous results
of bulk flow and diffusion in the development and resolu-
tion of brain edema will be revisited, then some recent
examples will be shown as to how this knowledge of diffu-
sion and bulk flow can be transferred into clinical
applications.

A great part of the work on bulk flow and diffusion was
done during a stay in I. Klatzo’s laboratory in Bethesda in
1973/1974 (Fig. 1). Since then a long collaboration devel-
oped with I. Klatzo and M. Spatz. Due to given limits, I will
concentrate on the studies of our group. Unfortunately it will
not be possible to mention all the important groups who
have contributed by essential studies.

Keywords Brain edema e diffusion ¢ bulk flow ¢ resolution
e fluorescence-guided surgery ¢ glioblastomas * malig-
nant gliomas ¢ radioimmunotherapy ¢ tenascein ¢ antibody
e convection-enhanced transport

Part I. Bulk Flow and Diffusion in Vasogenic
Brain Edema

Spreading of Edema

During the stay at Klatzo’s laboratory an attempt was made
to characterize the mechanisms responsible for the spread-
ing and resolution of edema fluid in cold-induced vasogenic
edema. The two possible mechanisms to distinguish were
diffusion and bulk flow. The cold-induced edema model
was used in cats, where distances of various tracers given
at the same time and travelling with edema fluid could be
measured, simultaneously the water content in consecutive
tissue blocks and tissue pressure (16) at various distances
from the injury (17). Figure 2 shows the linear distances
travelled within 6 h by C-14 sucrose, Fluorescein-labelled
albumin (FLA) and Evans-Blue-albumin, three substances

Z. Czernicki et al. (eds.), Brain Edema XIV, Acta Neurochirurgica Supplementum Vol. 106, 3

DOI 10.1007/978-3-211-98811-4_1, © Springer-Verlag/Wien 2010



Fig. 1 Igor Klatzo, Maria Spatz and colleagues in Bethesda

H.-J. Reulen

Distances actual calculated

Actually

measured distances [mm] | for diffusion [mm]

Theoretical distances

C'"“Sucrose 6.4 £37 (6hrs) 69 (6hrs)
Fl in label

HOTRIER AL ad 16.4 37 (Bhrs) 2.8 (6hrs)
albumin
Evans Blue - albumin 10.7 0.6 (3hrs) 2.1 (3hrs)

Fig. 2 Distances various substances travelled in edema vs. calculated theoretical distances for diffusion in white matter

with highly different diffusion coefficients. The theoretical
distances for diffusion were calculated using the mathe-
matical model of Patlak and Fenstermacher (2,13,16)
and the respective diffusion coefficients, and they were
significantly shorter than the distances actually travelled.

This fact and the finding that C-14 sucrose and FL A, despite
their highly different diffusion coefficients, travelled
the same distance, strongly supported bulk flow as the
prevailing mechanism. Similar results were obtained by
Bruce et al. (3).



Bulk Flow and Diffusion Revisited, and Clinical Applications

A second finding of the study was the existence of a tissue
pressure gradient between edematous and normal white matter,
and this pressure gradient was shown to be the driving force
for the propagation of edema fluid (17). In 2000 the existence
of a tissue pressure gradient had also been shown to exist in
experimental peritumoural edema (14, 15).

Resolution of Edema Fluid

How is edema fluid removed from the tissue? It was temp-
ting to hypothesize that such hydrostatic pressure gradients
between the edematous brain and the CSF could be the driving
force for the movement of edema fluid into the CSFE. This
theory was examined in cold-induced edema. Immediately
after lesion production Evans blue, I-131-labelled albumin
and C-14 sucrose were administered i.v. About 40 h later, the
time when edema had expanded and reached the ventricular
wall, the animals were re-anaesthetized and a ventriculo-
cisternal perfusion was installed. This allowed determination
of the appearance and wash-out of the labelled markers in
the cisternal outflow (Fig. 3). Simultaneously a certain amount
of markers as well as edema were removed from the edema-
tous tissue close to the ventricle (18,19).

In the following study the clearance of edema into the ven-
tricle was measured quantitatively by labelling edema fluid with
an extracellular marker, sodiumthiosulfate S 35. Edema clear-
ance amounted to 0.8—1.4 ml/day. If this value was recalculated

for the human brain on a weight basis, the corresponding edema
clearance would be about 30-60 ml/day (21,22).

The question remained whether and to what extent clear-
ance of edema fluid occurred through the cortex and pial
lining into the subarachnoid CSF? This question was examined
by Uhletal. (23) using the infusion edema model of Marmarou
(9,11). Ventriculo-cisternal perfusion was combined with a
closed cranial window perfusion technique, which allowed
determining the arrival of labelled edema fluid in the ventricle
and the subarachnoid CSF (Fig. 4). Clearance of edema
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fluid into the subarachnoid space occurred in a significantly
smaller amount as compared to drainage into the ventricular
system (23).

These data together with results of Marmarou (9—11), Bruce
(3) and others (2,13) justify the conclusion that resolution of
edema fluid is achieved by clearance into CSF, is enhanced
in the presence of pressure gradients and is supported by
re-absorption into capillaries. It seems conceivable that resolu-
tion by bulk flow prevails as long as pressure gradients exist.
If they dissipate, the remaining edema would have to be
removed by diffusion and re-absorption mechanisms. Basic
studies on the roles of diffusion, convection and capillary
transporters in solute removal from extracellular space of
the brain were reported by Groothuis et al. (37).

H.-J. Reulen

Clinical Studies in Peritumoural Edema

The important question was whether the experimental results
were applicable to human brain edema? Brain tumours con-
tinuously produce edema fluid, and since the edema volume
remains constant during at least several days, production must
be balanced with resolution. Would it be possible to measure
edema production and resorption non-invasively in patients?
In order to study this question U. Ito joined our group in
Berne in 1986 for some months. First we could demonstrate,
by measuring the Hounsfield-units in CT-scans, that in brain
tumours — metastases and gliomas — the distribution of
edema or the water content were comparable to cold-induced
edema (6,20) (Fig. 5). Ito et al. developed a method that
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allowed measuring the production rate of edema fluid in
such tumours (7,8). Contrast medium was infused during
90 min and CT-scans were taken before, 1.5, 3, 6 and 9 h
after the start of infusion. The area of contrast enhancement
was measured planimetrically at all time intervals, thus
allowing determination of the increase in volume of the
contrast enhanced area, and then to calculate the radial prop-
agation of edema in the tissue, which amounted on average
to 1.5 mm/h (5,7,8).

The amount of newly formed edema fluid Ve can be cal-
culated by using the assumption that the ECR in the edema
area amounts to 25-30% (4) and concentration of the con-
trast medium in the newly formed edema fluid is similar to
that in the plasma. The values for Ve in a group of malignant
gliomas and metastases are between 0.2 and 3.2 ml/h, or 4
and 75 ml/day, respectively (5,7,8). Edema fluid production
was dependant on the volume of the tumour (7) (Fig. 6).

Edema resolution may occur within the tissue via re-
absorption into blood or by drainage into the ventricular or
subarachnoidal CSF. The average rate of resolution of edema
fluid during the passage through 1 cm? tissue was determined
to be about 0.009 to +0.03 ml/h (5,7). By using a theoretical

Edema Formationand Tumor Volume
Edema formation rate (ml/h)

350 & Glioblastorms
o Metastases °
3F o Itoetal. .

Tumor diameter (cm)

Fig.6 Edema fluid formation in relation to tumor diameter in gliomas
and metastases

mathematical convection/diffusion model, a value of 0.003 ml/
min/cm?® was found by Nagashima et al. (12).

Taken together, these data allow estimating the edema
fluid turnover as a dynamic situation. The first example shows
a small metastasis with a small peritumoural edema (Fig. 7).
Edema production rate in the tumour was determined as
3.4 ml/day; the edematous tissue volume was 35 ml and in this
case tissue resorption was 3.36 ml/day. Thus the amount of
fluid cleared into the CSF was negligeable. In a second case
— a large metastasis — the production rate of edema was 48 ml/
day, tissue resorption in the edematous tissue volume was
8.6 ml/day and the rest, ca. 39 ml, was drained into the CSF.

Finally, using the mathematical model of fluid transport
in brain tissue developed by Patlak and Fenstermacher (13)
and by determining the distribution profiles of a tracer
(Telebrix 30), it was definitely shown that movement of
edema fluid in human brain tumours follows bulk flow and
cannot be explained solely by diffusion (1).

As a clinician I was always interested in transferring the
results from our experimental studies into clinical applica-
tion. The modern term for this is translational research. I will
now present three examples of clinical applications of the
discussed mechanisms.

Part ll. Clinical Applications of Bulk Flow
and Diffusion Mechanisms

Fluorescence-Guided Surgery of Malignant
Gliomas

One of the dreams of neurosurgeons was to contrast intraop-
eratively malignant gliomas to be able to remove such tumours
with more accuracy. Previous approaches using i.v. adminis-
tered fluorescent markers like Fluorescein or Photofrin II
were hampered by the fact that these substances distribute in
the ECS of tumour and migrate with bulk flow out into the
surrounding brain tissue (24). Thus the risk exists that during

Edema Fluid Turnover in metastases

Tumor volume

Edema tissue volume

Edema production rate

Tissue resorption (0.004 ml/h/cm3)

Ventricular clearance

Small Metastasis

Large Metastasis

3 ml 30 ml
35 ml 90 ml
3.4 ml/day 48 ml/day
3.36 ml/day 8.6 ml/day
0 ml/day 39 ml/day

Fig. 7 Edema fluid production and resolution in 2 examples of brain metastasis. CT of a small metastasis without contact to the ventricles
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Principle of fluorescene-accumulationin malignant
gliomas after administration of S-ALA

S5-aminolevulinicacid

protoporphyrinlX

intratumoralsynthesis

Fig. 8 Principle of fluorescence-accumulation in malignant gliomas after administration of 5-ALA

surgery not only the tumour is removed, but also peritumourally
stained but normal tissue. In this situation bulk flow is of dis-
advantage and this method, therefore, was abandoned.

In 1994 we became aware of a substance — 5-aminolevu-
linic acid (5-ALA) — which at that time had already been in
use for the visualisation of bladder tumours. 5-ALA is a nat-
urally occurring precursor in the heme biosynthesis and has
the property to accumulate specifically in tumour cells, there
being enzymatically converted to PP-IX, a compound with
deep red fluorescence (Fig. 8). No uptake occurs in normal
tissue (25,26). Stummer et al. could demonstrate in the rat
Co6-glioma model that glioma cells strongly accumulate ALA,
and this uptake was selective for glioma tissue. By using vio-
let-blue light and adequate filters the tumour can be visual-
ized and clearly distinguished from surrounding tissue (25).
Together with engineers from Zeiss (Oberkochen/Germany)
a fluorescence kit for the neurosurgical microscope was
developed, which permitted switching from conventional
white light to violet-blue excitation light (25). A phase I/II
clinical trial with 52 patients proved a high sensitivity and
specificity of fluorescence detection, respectively detection
of glioma tissue (26). Eventually a randomised controlled
multicenter Phase III trial was organized with 19 neurosur-
gical centers participating (supported by medac, Wedel/
Germany), comparing resection of malignant gliomas under
conventional white light with resection under fluorescence
conditions (27).

Results

Patients with primary malignant gliomas were randomized
to either the white light group with conventional microsurgery

or to the ALA-group using fluorescence guidance. In both
groups surgery was followed by conventional radiotherapy.
Randomization considered the important prognostic factors
age and KPS, eloquent or non-eloquent location and sur-
geon, so that both study arms were well balanced with regard
to these factors (27).

The first end-point was to determine the number of
patients in each study arm with residual contrast enhance-
ment on early postoperative MRI. In the control-group, early
postoperative MRI was devoid of residual tumour in 35% of
cases. In contrast, in the ALA-group, 65% of the patients had
complete resections of contrast-enhancing tumour. This dif-
ference is highly significant. The result shows that with this
technique a significantly larger group of patients can be
completely resected.

The second end-point was the progression-free survival
at 6 months postoperatively. Figure 9 shows the Kaplan—
Meier curve of patients in the WL-arm, based on MRI data.
Only 21% of patients survived and remained free of progres-
sion 6 months after surgery. The curve corresponds well to
historical data of previous studies. In the ALA-group the
fraction of patients surviving without progression at 6
months was doubled to 42% and this difference was highly
significant.

Our results can be used to examine another long-standing
and important question: Does the extent of surgery influence
survival in patients with malignant gliomas? Previous retro-
spective studies seem to support the hypothesis that complete
resection translates into longer survival, but due to the retro-
spective nature of these studies, the evidence-grade remained
low. The present study allows examining this question on
the basis of prospective randomized data. For this purpose
patients from both study-arms who had complete resections
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according to postoperative MRI were compared with patients
with residual tumour.

Median length of survival from time of surgery was 12
months in patients with residual contrast enhancing tumour
and 17.2 months in patients without residual tumour. This
difference in a uni- and multivariate analysis is statisti-
cally highly significant (28). The difference is as large
as or even larger than any effect of additional therapies
known so far.

In 2007 EMEA, the “European FDA” officially licensed
this technique for clinical use.
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Fig. 9 Kaplan—Meier curve of progression-free survival in white-light
(control) group and the 5-ALA-group

Intracavitary Radioimmunotherapy

The problem in malignant gliomas is that tumour cell infil-
tration can extend well beyond the surgical site into normal
brain parenchyma, and this is the reason for local recurrences.
The blood-brain barrier prevents an effective systemic drug
delivery in the treatment of brain tumours (37). However,
direct application of a drug into the postoperative resection
cavity is an interesting alternative, ensures higher concentra-
tions of the drug at its destination and reduces the risks of
systemic therapy. This method is based on diffusion, or a
concentration gradient of the agent from the cavity to the
tissue, respectively, and is only influenced by the molecular
weight of the agent.

The basic idea of radioimmunotherapy in human
glioblastomas takes advantage of the fact that a distinct
antigen-tenascein is expressed by the matrix of gliomas in a
significantly higher amount than by normal brain tissue.
A tenascein antibody is labelled with a suitable isotope and
the antibody-isotope-complex is applicated via an Ommaya-
reservoir into the postoperative resection cavity (34). The
antibody-isotope-complex travels through the tissue, couples
to tumour cells, and the isotope then selectively destroys
the tumour cells (Fig. 10). The main question is how far the
targeted antibody can penetrate into the tissue by means of
diffusion? For an optimal effect the targeted antibody should be
able to reach tumour cells that have migrated some distance
from the tumour margin. This question was examined in a
C6-glioma model in rats together with the department of
Nuclear medicine at Munich University.

Method: Intracavitary Radioimmunotherapy

» Implantation of the Ommaya-Reservoir

» Application of antibody-nuclide-complex

» Migration into the tissue (diffusion)

» Binding to glioma cells

* Destruction of glioma cell

Fig. 10 Technique of application of the TN-antibody-nuclide-complex via an Ommaya-reservoir into the postoperative resection cavity
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Experimental Studies

I-125-labelled antibody was infused via a stereotactically
placed needle into the intact tumour, and the spreading of the
isotope was measured autoradiographically at 6, 24 and 48 h
(30,32). The autoradiographs were matched with the corre-
sponding HE-stained images from frozen sections by means
of computer-assisted image analysis. The distances travelled
by the isotope increased from 6 to 24 h and were unchanged
after 48 h. In order to reduce the large molecular weight of the
antibody, the experiment was repeated with fragments of the
antibody (Fab’s), again labelled with I-125. The mean migra-
tion distance of the labelled Fab’s was significantly prolonged
at 6 and 24 h (Fig. 11). The longest distance measured after
24 h was 6.7 mm in the rat brain, and from our experience in
human tumours this may correspond to 1.5-2.5 cm. In order to
simulate the clinical situation, the experiment was repeated
after surgical removal of the tumour and successive applica-
tion of the antibody-isotope-complex into the tumour cavity.
Now the driving force is diffusion and the distances reached at
the same time periods are significantly shorter.

Clinical Studies

Intracavitary radioimmunotherapy has been under clinical testing
in a few centres since the beginning of the 1990s (29,34). In
1994, we adopted a technique used by Riva et al. (34,35),
where a tenascein antibody, labelled with I-131 or Ytrium-90
was applied via an Ommaya-reservoir into the tumour-cavity

H.-J. Reulen

of resected malignant gliomas. Tenascein-expression was
tested in the tumour specimens and prior to treatment a
PET-scan with a test dose of technetium-99, injected into
the Ommaya-reservior, was obtained to exclude leakage of
the system and to measure the volume of the tumour cavity.
Treatment is repeated three times in intervals of 7 weeks
with a dose of 50, 40 and 30 mCi (31,33). Meanwhile
more than 50 patients have been treated in a phase II-study.
In general, the treatment is well tolerated and Fig. 12 shows
the survival time of this patient cohort. As compared to a

Migration of Antibody and Fab

B
2.5 mm
7 ‘l

Labelled Antibody | Labelled Fab-Fragment

Intact tumour 4.1 + 1.9 mm 6.7 £ 1.1 mm

Subtotally resected tumour| 3.0 + 0.4 mm 3.4+ 0.3 mm

Fig. 11 Migration distances (mm) at 24 h after injection of I-125-
labelled antibodies and Fab-fragments into intact or subtotally resected
C6-gliomas in rats. Autoradiography with the tumor (black) and the
migrated antibody (green)
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historical group of glioblastoma patients, the median survival
time in glioblastomas is 25 months, and for anaplastic
astrocytomas 5-year survival is 77% approximately. This pro-
longation in survival time is highly significant for both
glioblastomas and anaplastic astrocytomas.

In order to further improve this technique a different isotope
— Rhenium-188 — was used, which has a significantly shorter
half-life time of 17 h (instead of 6 days with J-131), a higher
average B3-energy and an increased penetration depth as com-
pared to I-131. Presently a Phase-I dose-escalation study is
being performed to determine the most effective dose. The
next step will be to use a smaller single-chain antibody, as in
the experimental studies. With these two improvements we
hope to advance further this already very effective approach.

Since pure diffusion does not result in appropriate distri-
bution of the therapeutic agent in cases with large edema or
extensive cell infiltration, respectively, distribution can be
facilitated by another new technique.

Convection-Enhanced Delivery

This method is based on the direct intraparenchymal infusion
of targeted molecules and was developed by Oldfield et al. in
the early 1990s (36), based on previous studies of Marmarou
and his group (11). This microinfusion delivery technique
became known as convection-enhanced delivery (CED)
(36,38,39). After stereotactic insertion of one to three cath-
eters, interstitial infusion into the white matter is generated
by a syringe pump at a low pressure of 10-18 mmHg. Thus,
the method employs bulk flow and may account for 7-10 mm
propagation per hour in linear distance, distributes a drug in
a larger tissue volume and eventually achieves drug concen-
trations greater than systemic levels (36,38).

Clinical Trials in Human Malignant Gliomas

After demonstration of the efficacy in a mouse glioma model
(38) by intratumoural infusion of targeted toxins, several clin-
ical Phase I/II studies were performed and showed the practi-
cability of the technique (40,41). In clinical application the
principal idea is that the solid tumour is the target for surgery,
while the infiltrative component is the target of CED.

The Munich Neurosurgical Clinic participates in the IL13
phase III trial. The human Interleukin-13 (IL13) receptor is
expressed at high density on malignant glioma cells and is
used as carrier ligand for a cytotoxin, Pseudomonas exotoxin A.
This complex is administered via two to three catheters
with a total flow rate of 0.75 ml/h for 96 h, thus delivering a
maximum total volume of 72 ml. Results will probably be
available in 2009.

Fig. 13 Example of modelling infusion in three geometries with the
aid of a mathematical planning system. Catheters (white) are positioned
according to the distribution of the hyperintense signal in the T2-weighted
MR-images

An improvement of the method is the modelling of infu-
sion in three geometries (Fig. 13) with the aid of a mathe-
matical planning system and positioning of the catheters
according to the distribution of the hyperintense signal in
T2-weighted images. This ensures precise drug delivery to
the desired location at relatively uniform concentrations
(39,41,42). An advantage of convection-enhanced delivery
is the possibility to use MRI imaging to visualize real-time
drug distribution during infusion by adding Gadolinium as
surrogate tracer. Such real-time monitoring is a new compo-
nent for obtaining optimal treatment results in humans.

While the efficacy of the various infused agents remains to
be determined, early evidence from these clinical trials suggests
that convection can be used safely for drug delivery while at
the same time overcoming many problems associated with
other drug delivery techniques used for tumour therapy.

Conclusion

The intention of this report was to revisit bulk flow and dif-
fusion and to demonstrate some recent clinical applications
of these two mechanisms, lessons that were learned through
the basic studies in brain edema. It is the privilege and the
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task of clinicians to translate basic findings into new treat-
ment strategies. I am happy and proud to be offered the honour
of giving this lecture as a tribute to my mentor and friend
Igor Klatzo.
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Experimental Cerebral Ischemia: The Contribution

of the Bethesda Group

Toshihiko Kuroiwa

Abstract Igor Klatzo started his research on cerebral
ischemia at the NIH in the 1960s. The mechanism that produces
the blood-brain barrier change after ischemia was a focus of
interest in Klatzo’s experiments, which used larger mam-
mals. Studies using Mongolian gerbils, started by U. Ito,
resulted in several important findings, including observation
of the maturation phenomenon in 1975. Using newly devel-
oped ischemia models, the mechanism of postischemic neu-
ronal/tissue injury was extensively studied. The cumulative
effect was observed after repetitive cerebral ischemia. The
protective mechanism of cortical spreading depression after
global ischemia was investigated. Projects including in vitro
studies of human brain endothelial cells and mucosal toler-
ance to E-selectin were performed in the Stroke branch after
Klatzo retired from the NIH. Klatzo published a biography
of Cecil and Oskar Vogt after retirement. He passed away in
May 2007 in Gaithersburg, Maryland a few months after he
completed the first part of his autobiography.

Keywords Igor Klatzo ¢ experimental cerebral ischemia
* NIH

Igor Klatzo started his research on cerebral ischemia in the
1960s at the NIH. In the first series of studies, postischemic
blood-brain barrier (BBB) changes as well as clinicopatho-
logical changes were the foci of interest. The first paper in this
series of studies using larger mammals was published in 1970
in the first issue of Stroke journal (2), followed by reports on
the ultra-structural changes and hemodynamic aspects of pos-
tischemic BBB changes (13). Biphasic opening of the BBB
during the postischemic phase was reported in 1985 (10).
Research studies using Mongolian gerbils were started
with U. Ito in the 1970s. Approximately one third of the
gerbils developed ischemic symptoms such as circling
hemiparesis and seizure after the occlusion of the unilateral
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common carotid artery (12). By selecting these symptom-
positive animals (which will develop infarction), it is pos-
sible to have animals with a homogeneous intensity of
tissue injury. In this series of investigations, the slow
appearance of neuronal necrosis in the H2 (CAl) sector
was observed. Shorter ischemic insults resulted in delayed
appearances of necrosis (3). Blood-brain barrier disruption
was also delayed as a result of milder ischemic insult (4).
This facet of the response was named the ‘maturation phe-
nomenon’. Energy failure after a short period ischemia also
developed slowly over a few days of postischemia, with a
tendency to be delayed in the areas suffering milder isch-
emic insults (11).

In Klatzo’s laboratory, several new animal models of
cerebral ischemia have been developed and extensively
tested. Studies using these new models of ischemia resulted
in many interesting observations; after repetitive ischemic
insults, a pronounced cumulative effect on brain edema and
tissue injury was observed. The effect was most evident after
1 h interval ischemia, i.e. repetitive ischemia during the
period of marked postischemic hypoperfusion (15). A model
of complete global ischemia in a rat by Korpatchev (9) was
introduced to Klatzo’s laboratory in the 1980s (6). This
model is characterized by complete circulatory arrest, and it
is much closer to clinical cardiac arrest than was previously
employed in animal models. Postresuscitation pathophysiol-
ogy was extensively investigated using this model. The pro-
tective effect of spreading depression was observed on the
postischemic neurons (5).

Klatzo organized the first brain edema symposium with
Franz Seitelberger from the University of Vienna Neurological
Institute in 1965, and the proceedings were published by
Springer Verlag (7) (Fig. 1). The succeeding international
brain edema symposia were organized every 3 years in the
USA, Europe, and Asia in rotation. Researchers who once
worked in Klatzo’s laboratory organized most of the sympo-
sia. During Klatzo’s appointment at the Laboratory of
Neuropathology and Neuroanatomical Sciences NINDS
NIH, many researchers, including many neurosurgeons from
Japan, visited his laboratory from all over the world.

Z. Czernicki et al. (eds.), Brain Edema XIV, Acta Neurochirurgica Supplementum Vol. 106, 17
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BRAIN EDEMA

Proceedings of the Symposium

September 11-13, 1965, Vienna

Edited by

Igor Klatzo

National Institute of Neurological Diseases and Blindness
National Institutes of Health
Bethesda, Maryland, U.S.A.

and

Franz Seitelberger
Neurologisches Institut der Universitit Wien, Austria

SPRINGER-VERLAG s WIEN « NEW YORK e« 1967

Fig. 1 Inside cover of the proceedings of the First brain edema sympo-
sium. The symposium was organized by Klatzo and Seitelberger in
1965 in Vienna. The proceedings of the conference were published by
Springer in 1967

After Klatzo retired from NIH, important projects includ-
ing in vitro study of human brain endothelial cell (1) and
mucosal tolerance have been performed. Hallen beck suc-
ceeded Klatzo’s at NINDS, NIH, and continued his project
on the mucosal tolerance to E-selectin (14). The project is
very interesting from a clinical point of view, and it has
resulted in important publications.

After retirement from the NIH in 1993, Klatzo focused
his academic activity on writing a biography on Cecil and
Oskar Vogt, the men who proposed the pathoclisis theory,
and founders of the Brain Research Institute in Neustadt,
Germany, where Klatzo started his academic career. The
book was published by Springer Verlag in 2002 (8).

After publishing the biography, Klatzo started writing his
autobiography. In October 9, 2006, he arranged a party in the
Blue Ridge Mountains Virginia to celebrate his 90th birthday.
His former collaborators, family members and friends gath-
ered to celebrate the occasion. Several months after the party,
his health conditions declined. He returned home and passed
away on May 5, 2007 in Gaithersburg Maryland (Fig. 2).

T. Kuroiwa

Fig.2 Dr. Igor Klatzo in November 2005 in Virginia
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Past and Recent BBB Studies with Particular Emphasis
on Changes in Ischemic Brain Edema

Dedicated to the memory of Dr. Igor Klatzo

Maria Spatz

Abstract The blood-brain barrier (BBB) functions to
protect the environment of the brain through endothelial
cells and their interactions with other cells and components
of the cerebral vasculature and the brain parenchyma.
Alterations in the BBB as a result of injuries (i.e., brain
ischemia and traumatic brain injury) play a crucial role in
the pathophysiological response.

The following is a brief review of the BBB and the
mechanisms by which its cellular elements participate in
barrier disruptions such as those associated with ischemia
and resulting brain edema formation.

Keywords Blood-brain barrier (BBB) ¢ neurovascular unit
e ischemia e brain edema

Introduction

The blood brain barrier (BBB) is a physical and metabolic
barrier between systemic blood circulation and the central
nervous system (CNS). This concept originated over a hun-
dred years ago when Paul Erlich and subsequently E. E.
Goldman published studies demonstrating a limited pen-
etration of certain substances (i.e., dyes) from blood to
brain and from brain to blood (see review 21). Present
notion about the CNS includes other barriers (i.e., blood-
cerebrospinal fluid (BCSF) and blood-retinal barrier
(BRB)). The morphologic localization of the barriers was
advanced by light microscopy and electron microscopy
using contrast media (i.e., horseradish peroxidase, etc.).
The capillary endothelium in the brain and retina was
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demonstrated at the site of the BBB and BRB, whereas the
choroid plexus represents the site of BCSF. Many additional
studies showed that the passage of substances through the
BBB depends on the size and lipid solubility. It has also
been demonstrated that non-diffusible polar substances
(such as nutrients) require specific transporters to cross
this barrier. These transporters were characterized as facil-
itated or active (energy-linked to ATP) transporters depen-
dent on the given substance’s intrinsic requirement namely
it’s downhill or uphill concentration gradient. In addi-
tion, both in vivo and in situ studies showed the existence
of a metabolic barrier (i.e., enzymatic) provided by
endothelial cells that limits the passage of molecules from
blood to brain and brain to blood. These observations
were reinforced and advanced by the ability to separate
the capillaries and microvessels from the rest of the brain
parenchyma as well as the subsequent culturing of
endothelial cells and other brain cells. It became evident
that the cerebrovascular tree represents a separate and
distinct biochemically active compartment. Moreover,
the understanding of the BBB has been increased by the
recently acquired molecular insight into its structural
components. This function has been attributed to the
endothelial cells, the main constituent of the BBB. Thus,
these cells originally thought of as physical barrier were
shown to have a variety of biological activities that were
responsible for BBB properties and could be influenced
by other cells. This brings us to take into consideration
the likely contribution of cells adjacent to the endothelium
and broadens the previous supposition regarding the just
endothelial cells as BBB and to redefine it as the so-called
Neurovascular Unit (NVU).

The great numbers of past and recent reviews of these
barriers (1, 5, 17-19, 21, 23, 26) provide the basis for this
communication. However, this report will present an abrogated
review of the BBB. It will focus on past as well as the latest
available studies that are relevant to the understanding of
processes involved in the development and progression of
ischemic brain edema.

Z. Czernicki et al. (eds.), Brain Edema XIV, Acta Neurochirurgica Supplementum Vol. 106, 21
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The Current View of the BBB

The Cellular Components of the BBB

Morphological and functional characteristic of the BBB
reside in the capillary and microvascular endothelium
(including venules and arterioles), pericytes, astrocytes and
neurons, which are collectively designated as the NVU
(Fig. la). In the last decade the identification and demon-
stration of subcellular components of the capillary and
microvascular endothelium as well as the surrounding cells
expanded our comprehension of the BBB. Particularly the
emerging knowledge indicating that the functional role of
maintaining the BBB integrity is not limited to endothelial
tight junctions; luminal and basement membrane along with
the extracellular matrix (ECM) are also involved. In general,
there is a functional interplay among all the cellular elements
of the NVU that is responsible for the homeostasis of the
brain environment. Under physiological condition the BBB
safeguards a constant supply of nutrients (i.e., oxygen,
glucose and other substances) for the brain and steers inflam-
matory responses to the changes in the neighborhood.

Endothelium Endothelial cells (EC) of the BBB differ from
the endothelial cells from the rest of the body by the presence
of extensive tight junctions, a great number of mitochondria,
an absence of fenestration and sparse pinocytotic vesicular
transport. The tight junctions limit the flux of hydrophilic
molecule across BBB while lipophylic substances (i.e., oxygen
and CO,) freely diffuse through the plasma membrane along
their concentration gradient. Brain endothelial cells produce
agents and factors as well as express various receptors that
may be involved in autocrine and paracrine regulation of
the microvascular function of the brain. In general, the
substances (e.g., prostacyclin, nitric oxide (NO), and adenosine)
produced by these cells are considered to be cytoprotective.
However, several other agents that are formed in endothelial
cells (i.e., endothelin-1 (ET-1), angiotesin II, thromboxane,
leukotrienes, platelet-activating factor, and superoxide
radicals) impair perfusion, alter BBB permeability and/or
mediate cellular injury when released in excess. Many of
these substances which modulate the secreatory functions
and reactivity’s of the vascular endothelium can also be
released from adjacent cellular elements including other
vascular cells, circulating blood cells and brain cells.

Tight Junctions The junctional complexes of endothelial
plasma membranes consist of tight and adherent junctions
(TJ and AJ, respectively) (Fig. 1b). The TJ are composed
of three integral membrane proteins, namely claudins,
occludins and junctional adhesion molecules as well as
cytoplasmic accessory molecules (i.e. ZO1, Z02, ZO3,
cingulin and others). The cytoplasmic protein links the

M. Spatz
a
NEUTON =—3p
Caveolae
1 Caveolin-1
= 1 P-ap
= 1e-NOS
At

dystroglycan =3 “4*

»
Ll
s

I

) ,
"¢_(— Aquaporin-4

'_“4—gapjunc1ion

5 ‘__astrocyte

endothelium

glycocalyx

\ basement
integring ——p- membrane
\ ——tight junction
\ o———— pericyte
mmm® »*
— €——GFAP
b Paracellular space
Apical plasma 701 %
membrane ; :
Tight junction Caudin
OOOOO0

/

Actin f AW

202
Junctional adhesion protein
Adherens junction
Basolateral plasm,
membrane

Fig. 1 Blood-brain barrier and tight junctions. (a) Cross section
displaying schematically the localization of cellular and sub cellular
components of the NVU (b) Schematic representation of proteins
associated with tight junctions (modified from Ballabh et al. (2004) (1)).

membrane protein to actin, the primary cytoskeleton protein
that maintains the structural functional integrity of EC.
Claudin 1, 2 and 3 (among about 20 known members of
this family) are 22-kDa phosphoproteins. They represent the
main components of TJ and are localized exclusively at TJ.
Claudins bind homotypically to other claudins on adjacent
EC to form a primary seal. The carboxyl terminal of claudins
binds to cytoplasmic proteins such as ZO-1 ZO2 and ZO3.
Occludin, a 65-kDa phosphoprotein, has four transmem-
brane domains, with two cytoplasmic domains (a long
COOH-terminal and a short NH2-terminal. The cytoplasmic
domain of occludin is directly associated with ZO proteins.
The two extracellular loops of occludins and claudins
originating from neighboring cells form the ‘paracellular’
barrier of TJ. Occludin appears to be a regulatory protein
that can alter paracellular permeability. Occludin phospho-
rylation occurs at serine and threonine residues that control
the intracellular distribution of this TJ junction protein and
subsequent barrier properties. The decreased phosphorylation
status of occludin (by inhibition of protein kinase C) correlates



Past and Recent BBB Studies with Particular Emphasis on Changes

with a rapid fall in transendothelial resistance. On the other
hand, TJ phosphorylation is associated with increased
BBB permeability, which is induced by vascular endothelial
growth factor (VEGF); a similar observation has been made
with monocyte chemotactic protein (MCP-1).

Junctional adhesion molecules (JAM) is a 40 kDa protein
belonging to the immunoglobulin superfamily that binds
directly to ZO-1. It has a single transmembraneous domain
and the extracellular part has two immunoglobulin groups that
are formed by disulfide bonds. JAM-1 and -2 but not JAM-3
exist in brain blood vessels. JAM-1 localizes with actin at the
cell-to-cell contacts and is involved in cell-to-cell adhesions.
JAMs are also expressed by circulating blood cells (i.e., mono-
cytes, neutrophils, subsets of lymphocytes and platelets).
Although their function is not clear, they are reportedly (in vitro
studies) involved in transmigration of monocytes through EC.

Cytoplasmic accessory proteins include zonula occluden
proteins (ZO-1, -2 and -3), cingulin, and others. The zonula
occluden proteins have similar amino acid sequences and
belong to the family of proteins known as membrane associ-
ated guanylate kinase-like proteins (MAGUL). They function
as protein binding molecules and play a role in organizing
proteins at the plasma membrane. Many signaling pathways and
proteins have been implicated in regulating the tight junction
assembly (i.e., Ca*, protein kinase A and C, G-protein,
calmodulin, cAMP, and phospholipase). In addition, small
G-proteins and GTPase have been suggested to play a
regulatory role of the structure and function of tight junction.

Adherens junction (AJ) consists of membrane protein,
cadherin, which joins to the actin cytoskeleton via interme-
diary proteins know as catenins to form adhesive contact
between cells. AJ are known to interact with ZO-1and catenins
and influence the TJ assembly.

Endothelial Membranes

Both luminal and basal membranes are known to be sites of
enzyme receptors and transporters. The advance of specific
immuno-markers and the ability to separate these membranes
enable better localization of their components.

Examples of Luminal Membrane
Constituents at the BBB

Glycocalyx is a negatively charged surface coating the luminal
EC membrane and consisting of proteoglycans, glycosamin-
oglycan and absorbed plasma proteins. It participates in
maintaining vascular permeability. It contains many enzymes
that might be involved in vasoactive processes (i.e., extracel-
lular superoxide dismutase (SOD) that converts oxygen radicals
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to H,0,) and is bound to heparin sulfate proteoglycans within
glycocalyx. Damage leads to a pro-oxidant state (i.e., ischemia
and/or trauma) and the shearing of the glycocalyx permitting
attachment of leukocytes (i.e., inflammation).

Among molecules involved in transcytoplasmic route for
blood borne proteins are clathrin and caveolae (23). The former
takes part in receptor-mediated endocytoses and the latter
represents clathrin-independent endocytotic pathway.

Caveolae and Caveolin The caveolae consist of microdo-
mains of invaginations in plasma membranes that are involved
in receptor-mediated uptake and regulation of many dynamic
events (i.e., signal transduction, cell growth, apoptosis and
lipid metabolism). Their functional activities are due to
caveolins, a family of integral membrane proteins (isoforms
1, 2 and 3). In the brain, caveolin-1 expression was demon-
strated on endothelial cells, pericytes and perivascular astro-
cytes, while caveolin-3 was muscle specific. The expression of
caveolin was co-localized with endothelial nitric oxide synthase
(eNOS) and plasma glycoprotein (P-gp) in the endothelial
caveolae (8). Reports also indicate that caveolin-1 has the
ability to negatively regulate NO production and proangio-
genetic factors (7). Caveolin deficiency increases cerebral
ischemic injury as demonstrated in caveolin-1 knockout mice,
which also showed increased levels of eNOS and apoptosis
along with cerebral volume of infarction (7). Studies in vitro
also demonstrated that caveolin-1 regulates expression of
tight junction-associated protein, occludin (20).

P-glycoprotein (P-gp) is a major representative of the
ATP-dependent efflux transport family and multidrug
resistant-associated proteins (MRP). Cationic and zwitterionic
compounds are preferentially transported by the P-gp whereas
ionic compounds are transported by MRP. The disputed
localization of P-gp was recently clarified by demonstration of
its expression on capillary endothelial cells comprising the
BBB as well as pericytes and astrocytes; this transporter was
colocalized with caveolin 1. P-gp expression was demonstrated
along the nuclear envelope in caveolae, cytoplasmic vesicles
of the Golgi’s complex and endoplasmic reticulum. Increased
intestinal expression of P-gp reduces the absorption of
drugs and it has been suggested that P-gp on EC comprising
the BBB might likewise regulate drug transport processes in
CNS at both cellular and subcellular levels. The interaction
of caveolin and P-gp also negatively affects the function of
P-gp; areduced interplay between the two proteins separately
increases the transport activity of P-gp.

Examples of Basement Membrane
Components at the BBB

The role of the basement membrane is multifold in that it
includes maintenance of capillary and microvascular
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morphology, cell adhesion interactions and prevention of
vascular plasma protein leakage. It is constructed from
extracellular matrix proteins (i.e., collagen type 4, laminin)
and is regulated by matrix metalloproteinases (MMP) and
plasma.

Matrix metalloproteinases (MMP) are members of
zinc-dependent endopeptidases that are active at neutral pH
and are inhibited by proteins known as tissue inhibitors of
metalloproteinases (TIMPs) (18, 19). The blocking activity
of TIMPs occurs through high affinity noncovalant binding
to MMP catalytic domains. Both MMPs and TIMPs are
implicated in many pathological processes (i.e., ischemia and
trauma). They are also important in recovery by facilitating
angiogenesis and neurogenesis.

Extracellular matrix (ECM) of basal laminin separates
the endothelium from the astrocyte. It provides an anchor for
the EC through interactions of laminin, collagen type 4,
fibronectin and other matrix proteins with endothelial integrin
receptors. The capillary endothelial cells, microvascular smooth
muscle cells and pericytes with surrounding astrocytes
cooperate to generate and maintain the basal laminal mem-
brane and the unique function of endothelial cells (4, 13).

Matrix adhesion receptors such as integrins and dystro-
phan represent two types of ECM receptor families that are
associated with the microvasculature in the CNS. Both are
present on the opposite side of endothelium and astrocytes
(4, 13). Their position contributes to endothelial cell matrix
adhesions and maintenance of the connection of the astrocytic
endfeet to the abluminal endothelial surface. Selective integrins
are also expressed on neurons, microglia and oligodendroglia.

Integrins are cell surface transmembranous, noncova-
lently linked, o/p heterodimers that recognize specific matrix
ligands. Functionally they connect the matrix with the cytoskel-
eton and are implicated in regulating cellular responses by
transmitting extracellular stimuli to intracellular signals and
generating increased receptor specificity.

The dystroglycan is a single a—f heterodimeric trans-
membranous receptor that forms a physical link between the
intracellular cytoskeleton and the ECM. a.-dystrophan of the
extracellular glycosylated subunit binds to ECM proteins
laminin, perlecan and agrin. The intracellular carboxy-terminus
of B-dystrophan binds to cytoskeleton proteins (dystrophan
and utropin). The ‘dystroglycan complex’ shares laminin as
a ligand with a number of integrin receptors (including a/p1,
a3/B, a6/l and a6/p4).

Cell Components of the BBB

Smooth Muscle These cells surround the endothelium of
arterioles showing tight junction morphology. They are known
to play a role in the regulation of cerebral blood flow (CBF).
However, to the best of our knowledge, the full and distinct
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contribution of smooth muscle (vascular mural cells) to
the BBB is unknown. Most of the information regarding the
presence of various receptors that could be or are involved in
regulating the microvascular tone and/or CBF (i.e., adrenergic,
prostaglandins, NPY and ET-1) was obtained from in situ or
in vivo microvascular studies. Therefore it is worthwhile
mentioning that in the mid-1980s our comparative studies of
separately cultured endothelial cells, smooth muscle and glial
cells derived from rat brain clearly demonstrated distinct
differences in the reaction of these cells to vasoactive factors,
etc. (i.e., cAMP, vasopeptides, and 5-HT). For example, the
stimulation of 6-keto-PGF1a synthesis by adrenergic agonists
was seen in EC but not in smooth muscle. On the other hand,
angiotensin-1 and -2, as well as bradykinin, markedly enhanced
the 6-keto-PGFla in smooth muscle but had less effect on
glia and little or no effect on EC (27). These studies suggested
that EC and glia cells provide protection of the smooth muscle
against the exposure to substances which could contribute to
the dysfunction of CBF and alter BBB integrity.

Pericytes These cells are localized within the basal membrane
of the capillaries and microvessels opposite the luminal face
of the astrocytic endfeet. Pericytes have been implicated in
providing structural support and vasodynamic capacity to the
vessels (5). The emerging observation suggests that these
cells regulate endothelial proliferation, migration, differen-
tiation, and vascular branching. In vitro studies also suggest
that pericytes can stimulate the astrocyte evoked BBB
‘tightness’ and in this way may contribute to the BBB integrity.

Astrocytes The astrocytic endfeet envelop the capillary and
microvascular endothelial basement membrane. In this way,
astrocytes provide a linkage between the endothelium and
neurons. The astrocyte-endothelium interactions induce and
modulate the development of BBB and its distinct pheno-
type. Reports indicate that both the physical proximity and
substances released from the astrocyte may influence the
integrity of BBB permeability.

The recent demonstrations of aquaporins (AQPs) (11, 16)
are of special interest due to their localization and
co-localization with BBB-related factors (i.e., P-gp) as well
as connection to ECM and inwardly rectifying potassium
channels (i.e., Kir4.1). Moreover, keeping in mind the
above mentioned endothelial co-localization of caveolin-1
expression with those of P-gp and eNOS, this strongly
suggests an intricate functional relationship between the
endothelial cells and astrocytes. AQPs are a family of
water-selective channels that provide a major pathway for
osmotically driven water transport through cell membranes
and in the choroid plexus. Aquaporin 4 is expressed in
foot processes of astrocytes and ependymocytes facing
capillaries and CSF interfaces. AQP 9 is localized in tanycytes
and astrocytic processes (and more recently in neurons).
The perivascular astrocytic endfeet containing AQP4 is
connected to the dystrophin-dystroglycan complex mediating
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the contact to ECM-laminin. Anchoring the AQP4 to cell
membrane and the localization of astrocytic foot processes
occurs through binding to a-syntrophin, a member of the
protein dystrophan protein complex.

Neurons The innervation of brain vasculature or microvas-
culature and its influence on BBB was disputable even
though anatomical and physiological observations were
indicative of such a possibility. However, biochemical
and immunocytochemical demonstration of microvascular,
endothelial and/or astrocytic innervation as well as evidence
of functional receptors provides support for neurogenic
regulation of the BBB.

Pathophysiology

Brain edema accompanies many diseases of the CNS (i.e.,
ischemia (stroke) and trauma). Originally, Klatzo classified
brain edema into two categories: cytotoxic brain edema (BE)
and vasogenic edema (VE), which has been helpful in
evaluating the brain damage and treatment (9). Brain edema
(in which the BBB remains intact) is due to derangements in
cellular metabolism from malfunction of the sodium and
potassium pumps in the cell membrane and is characterized
by: (a) an increase of intracellular sodium and water;
(b) Na+/K+-ATPase failure; (c) uptake of osmotically active
solution and the edema fluid rich in electrolytes; and (d) cell
swelling with decreased interstitial space. Vasogenic edema
is due to a breakdown of endothelial tight junctions and
is characterized by: (a) an increase BBB permeability;
(b) edema fluid rich in protein; and (c) increase in interstitial
fluid without cell swelling. However, in most cases ischemia
leads to so-called mixed edema, which expresses components
of both BE and VE, and depends on the severity and duration
of the insult.

Cerebral ischemia (stroke) and trauma are among many
CNS diseases manifested by altered BBB integrity and
formation of edema. The variety of ischemic models performed
in different animal species provided disputable but valuable
observations. It concerns the time course of increased BBB
permeability and mechanism (vesicular and/or alteration
of tight junction) that are responsible for it. However, the
restricted space for this report does not permit discussion of
all aspects, including BCSF involvement. Nevertheless, few
of the past studies are noteworthy to mention since their
results contribute to the understanding of this topic (21) and
references. Firstly, the alteration of BBB to proteins depended
on the duration of ischemic insult and its appearance was
inversely proportionate to the time of re-established blood
circulation. The observed increase in BBB permeability
(to Evans blue complex or horse radish peroxidase (HRP))
was seen early (within 30 min of reperfusion) after 6 h brain
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injury and even later after 1 h brain ischemia (after 3 h of
reperfusion). It was manifested by endothelial vesicles of
various sizes and progressive presence of HRP in neuropil
including swelling astrocytic processes (25). The absence of
this marker was conspicuous in the tight junction. Thus, the
observed changes suggested an altered BBB permeability
due to increased vesicular transport that was also inducible in
normal animals by injection of 5-HT. Secondly, the biphasic
increment of water content in the brain was observed in the
same gerbil model of unilateral ischemia (1 h) with various
times of re-circulation (up to 20 h). The initial increase in
water content (first phase) preceded the augmented BBB
permeability to small and large molecules (i.e., sucrose,
Evans blue complex, RISA, radioactive dextran). Thus, the
first increment in brain water content was observed prior to
the increase of small molecular markers, whereas, the brain
swelling (second phase) corresponded to the increased
passage of radiolabled large molecular markers. Thirdly, in
addition, the inhibition of the observed increases of radiola-
bled 2-deoxyglucose (2-DG) uptake in the presence of unla-
beled 2-DG was incomplete suggesting BBB dysfunction of
glucose analog transport. It should be added that brain isch-
emia or anoxia per se reduces the brain uptake of glucose or
glucose analog (21, 22). These observations were confirmed
by in vitro studies in microvessels isolated from ischemic
brains. A similar reduction of 2-DG uptake into isolated
microvessels exposed to anoxia was completely reversed by
replacement of nitrogen by oxygen or prevented by the addi-
tion of free-fatty acid albumin (22). This protection was par-
tially or fully abated by individually and mixed saturated and
unsaturated fatty acids to the incubation medium. It is sug-
gestive of albumin preventing shedding of the membrane
glycocalyx layer (21). Taken together these studies (ex-vivo
and in vitro) implicated ischemic and anoxic microvascular
membrane changes with affects on the uptake of glucose
analog (caused by free-fatty acid). This supposition is sup-
ported by the observed ability of arachidonic acid (AA) to
modify the endothelial membrane “fluidity” without altering
the permeability of the cultured EC (24). However the expo-
sure of these cells to both AA and H,0O, altered the EC per-
meability (preventable by catalase) to a greater extent than by
AA alone, as evidenced by greater formation of lipid peroxi-
dation (malondialdehyde (MDA) assay).

Interestingly, an increase in caveolin-land -2 expression
prior to that of occludin and claudin 5 in association with
fibronectin, a known marker of BBB damage, was seen in
microvessels after cold injury (14). These observations support
the previous reports demonstrating an increased ischemic
vesicular BBB transport and/or “open” tight junction
which most likely depended on duration and the model of
brain injury. The above noted fibronectin extravasation is in
agreement with the reported ischemic reduction of other
matrix ligands (i.e., laminin-1, collagen-4) within basal
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membrane (4, 13). The time-dependent events correlate well
with simultaneous generation of matrix proteases (i.e.,
MMP-2 and MMP-9) as well as their activators urokinase,
in microvessels and neurons within the region of injury (13,
18, 19). The role of ECM components in ischemia/reperfu-
sion was strengthened by concomitant findings of increased
BBB permeability and MMP-2 levels which were blocked
with MMP inhibitors. Furthermore, this supposition was
confirmed in MMP-9 knock-out mice. In addition, isch-
emia reduced the expression of dystroglycan on microves-
sels as well as dystroglycan and integrin a.6/p4 expression
on the astrocytic endfeet, both in vivo and in vitro studies.
These changes corresponded to the separation of astrocytes
from the vascular matrix and to early cell swelling following
MCA occlusion (3, 4).

The knowledge of astrocytic role in development of cyto-
toxic or vasogenic edema has been advanced by studying
AQP4 null mice (1,3,11,16). As previously mentioned,
AQP4 controls water fluxes into and out of the brain.
The induction of hyponatremia in AQP4-null mice by intra-
peritoneal injection of water reduced mortality which was
associated with decreased BBB permeability to water and
reduced water flow. These animals also protected the
cytotoxic edema in other models. Dystrophan-deficient mice
have normal levels of AQP 4 mRNA but their protein expres-
sion is mislocated rendering similar features to AQP4-deficient
mice showing delayed onset of cellular edema. Deletion of
o-syntrophin or other components of dystrophin complex
leads also to mislocation and unstable AQP4 protein expression.
Reports indicate that a-null mice were also protected from
cytotoxic edema induced by focal ischemia. On the other
hand, the observed AQP4 deletion aggravates vasogenic edema
induced by freeze injury or tumor implantation. In addition,
an increase of AQP4 expression in astrocytes corresponded
with maximum brain swelling induced by focal ischemia
(3). In patients with middle cerebral artery occlusion, a
single nucleotide polymorphism at 3’end of AQP4 was found
to be associated with severe brain edema (10).

Actually, the post-ischemic hypoperfusion (reduce CBF)
greatly contributes to the ischemic events leading to the devel-
opment of BBB dysfunction and brain edema. It has been
shown that all of the above mentioned endothelial functions
are involved in this process. Presently, there is no doubt that
the mechanism responsible for the noted ischemic and trau-
matic sequela is multifactorial and primarily involves the
endothelium (as schematically illustrated in Fig. 2). Free radi-
cal species formation during ischemic hypoperfusion are one
of the first among many factors (mediators or modulators)
produced by endothelium and other brain and blood cells that
were implicated in alterations of BBB permeability and
edema formation. It is not surprising since tissue damage in
the brain or other organs leads to the formation of free radical
species (HO,, -OHi~, -O"), release of fatty acids from phos-
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Fig. 2 Proposed mechanism of antioxidant protection of brain injury.

pholipids, and lipid peroxidation of cellular membranes (6).
The same processes have also been implicated in altering the
BBB permeability and the development of brain edema (12).
The involvement of free radical species in ischemic reduction
of CBE, alteration of BBB permeability, and formation of
edema was substantiated by anti-oxidant therapy (i.e., nitrox-
ide, melatonin). In addition, 2-arachinonylglycerol (2-AG),
which reduced traumatic and ischemic tissue damage (BBB
permeability and edema) was mediated through CB1 recep-
tors and was shown to have antioxidant properties (15).
Taking into consideration the endothelial in vitro functional
characteristics, we investigated the endothelium and its abil-
ity to influence the microvascular activity implicated in the
regulation and dysregulation of vascular tone, CBF and BBB
permeability (12 and unpublished observation). These studies
demonstrated that the altered cellular permeability, increased
calcium mobilization, activated phosphorylation of 44/42
kinase, and cytoskeleton arrangements (actin and vimentin)
induced by H,O, were all decreased or abolished by anti-
oxidants (same as described above). The results of this study
are in agreement with our previous investigations regarding
interactions between ET-1 and NO or 2-AG and their signal
transduction pathways, and further demonstrate that the
endothelium has the capacity to respond to various endoge-
nous and exogenous mediators (2). Such endothelial reactivity
is important for interconnective processes with other vascular
and brain cells that affect the BBB and CBE.

Taken together the findings described in this review
indicate that ischemic processes leading to changes of the
BBB permeability and formation of edema involve all
the cellular and subcellular components of the NVU.
In spite of the abundance of available data, it is still not
clear which of the factors initiate the cascade of events.
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Nevertheless, it is suggestive that the functional endothelial
alteration of the luminal membrane, induced by ischemic
“stress” and the release of blood-born mediators, occur prior
to all the subsequent sequela.
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Increase in Activity of Neutrophils and Proinflammatory
Mediators in Rats Following Acute and Prolonged Focal

Cerebral Ischemia and Reperfusion

Stanistaw Hendryk, Zenon Czuba, Halina Jedrzejewska-Szyputka, Piotr Bazowski,

Hanna Dolezych, and Wojciech Krdl

Abstract

Purpose It has been proposed that the immune system is
activated during ischemic cerebral events and that brain
damage caused by ischemia is increased by this immune
activity. Neutrophils (PMNs) are one of the first factors in
the chain of reactions of the immune system during focal
cerebral ischemia. Experimental and clinical studies have
emphasized the important role of proinflammatory cytokines
such as interleukin-1B (IL-1B) and tumor necrosis factor
(TNFa), in addition to vasoactive peptide and endothelin-1
(ET-1), in the formation of cerebral ischemia.

Material and Methods The experiments were carried out
using Wistar rats that were divided into four groups: three
experimental groups (acute and prolonged focal cerebral
ischemia and following reperfusion) and one control group
(sham). Focal cerebral ischemia was induced by the intralu-
minal surgical suture method. The oxidative activity of
PMNs was measured after stimulation with phorbol myristate
acetate, a protein kinase C activator (luminol enhanced
chemiluminescence). The concentration of IL-1p3 and TNFo
in rat lymphocyte culture after stimulation with CSF was
determined using commercial ELISA kits. The plasma con-
centration of ET-1 was determined using commercial kits
with the RIA method.

Results We confirmed a statistically significant increase in the
oxidative activity of PMNs in rats with acute focal cerebral
ischemia (p < 0.00001), prolonged ischemia (p < 0.001) and
reperfusion (p < 0.05). An increase in IL-1f and TNFa in lym-
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phocytes following CSF stimulation was observed in the group
with prolonged ischemia and in the group with reperfusion after
transient ischemia (p < 0.05 for both). An increase in plasma
ET-1 concentration was observed with acute and prolonged
focal cerebral ischemia (p < 0.05 and p < 0.01, respectively).

Conclusions Our results show that acute and prolonged
focal cerebral ischemia and reperfusion induce statistically
significant increases in the oxidative activity of PMNs. The
concentration of proinflammatory mediators (IL-1p, TNFo)
as well as ET-1 is also increased, indicating the important
role of immune reactions in the development of damage to
the brain following ischemia.

Keywords Focal cerebral ischemia—reperfusion e neutro-
phils e proinflammatory mediators

Introduction

Interleukin-1 (IL-1) is a key mediator of inflammation dur-
ing cerebral ischemia, but its precise mechanisms of action
remain unclear (42). It is known that free radicals and
inflammatory mediators are involved in transient focal
cerebral ischemia, and Khan et al. (29) demonstrated that
administration of N-acetylcysteine even after the onset of
ischemia protected the brain from free radical injury, apop-
tosis, and inflammation by reducing the expression of
proinflammatory cytokines such as TNFa and IL-1f, in
addition to inducible nitric oxide synthase (iNOS).
S-nitrosoglutathione GSNO reduced the expression of
TNFa, IL-1B and iNOS, inhibited activation of micro-
glia/macrophages (ED1, CD11-b), and downregulated the
expression of leukocyte function-associated antigen-1 and
intercellular adhesion molecule-1 (ICAM-1) in the isch-
emic brain (30). Jatana et al. (27) demonstrated the neuro-
protective potential of 5-lipoxygenase (5-LOX) inhibition
via downregulation of NF-«B in a rat model of experimen-
tal stroke. NF-kB is an important transcription factor that
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plays a crucial role in mediating the inflammatory response
to proinflammatory cytokines and reactive oxygen species
(ROS) in animal models of experimental stroke (13,45).
Potential therapeutic targets include iNOS, cyclooxyge-
nase-2 (COX-2), NF-«kB and 5-LOX (19,25,52). Toll-like
receptor 4 (TLR4) is a signaling receptor in innate immu-
nity that is a part of specific immunological response to sys-
temic bacterial infection and cerebral injury. TLR4-deficient
mice have minor infarctions and a smaller inflammatory
response following ischemic brain damage. These data
demonstrate that TLR4 signaling and innate immunity are
involved in brain damage and the inflammation triggered
by ischemic injury (10). The role of adhesion molecules in
the evolution of secondary injury following cerebral isch-
emia is very important (48). Inflammation plays an impor-
tant role in the pathogenesis of neurodegenerative diseases
including ischemia. The differential gene induction profile
following ischemia suggests that activation of inflamma-
tory processes might contribute to secondary brain damage
in ischemic tissues. On the other hand, inflammation may
also trigger processes that mediate neural regeneration after
ischemic injury (34).

Materials and Methods

Animals

Male Wistar rats weighing 220-250 g were used in this
study after the researchers received permission from the
Local Ethical Committee for Animal Research (LECAR
protocol No17/01 and No 41/02). All of the experiments
were carried out between 2 p.m. and 4 p.m. on animals that
were anesthetized intraperitoneally with pentobarbital
sodium (50 mg/kg body weight) in experiments where
cytokines were measured, and with xylazine (10 mg/kg)
and ketamine hydrochloride (100 mg/kg) in all other
experiments.

Experimental Protocols

The animals were divided into four groups to study the oxi-
dative activity of PMNs, the plasma concentration of ET-1
and levels of IL-1B and TNFa in lymphocyte culture (eight
rats per group). In the next experiments, we used the follow-
ing groups: MCAO 80’ (acute MCAO for 80 min), MCAO
24h (prolonged MCAO for 24h), MCAO-R (reperfusion
after 80 min of MCAOQO) and control (sham) (animals under-
went all procedures except MCAO).

S.Hendryk et al.

Evoking Focal Cerebral Ischemia and
Reperfusion

Rats were subjected to middle cerebral artery occlusion
(MCAO) as described by Koizumi et al. and modified by
Takano et al. (31,49). The external carotid artery (ECA) was
isolated and ligated. 4-0-monofilament nylon suture was
inserted through the ECA into the internal carotid artery until
mild resistance was felt to occlude the MCA. For rats in the
group with ischemia—-reperfusion, the monofilament was
withdrawn to establish reperfusion after 80 min. Sham-
operated rats underwent a similar procedure: the filament was
advanced along the ICA and then immediately withdrawn.

Cannulation of the Cisterna Magna (CM)

Cannulation of the brain CM was performed according to the
technique described by Solomon RA et al. (47), with a slight
modification introduced by the author as described previ-
ously (28). The cannula was used for aspiration of 50 pL. of
CSF, which was later used for stimulation of lymphocytes.

Measurement of the Oxidative Activity
of PMNs by Chemiluminescence In Vitro

Samples of blood (1.0 mL) were collected from the venous
plexus of the rat orbit and placed into tubes containing HBSS
(1.0 mL) with heparin (20 IU). The PMNs were isolated with
a two-step gradient of histopaques (1.077 and 1.119 g mL™"),
then washed and suspended in HBSS without phenol red.
During the procedures with the PMNs, the viability of cells
was controlled by staining dead cells with trypan blue solu-
tion. Chemiluminescent reactions were initiated by dispens-
ing aliquots of solutions of luminol (5.6 x 10 M — final
concentration) to PMNs (5.0 x 10°) in HBSS, and the emit-
ted light was recorded. After 5 min, PMA (phorbol myristate
acetate — Sigma, MO, USA), a protein kinase C activator
(50), was added to a final concentration of 1.6 x 1077 M. The
final sample volume was 1 mL in a 3.5 mL polystyrene test
tube. The light was then recorded (counted per min, continu-
ously for 15 min). The intensity of the chemiluminescence
was determined by calculating the area under the curve (inte-
gral chemiluminescence). The chemiluminescence of the
PMNs was measured with a luminometer using the single
photon technique, as previously described Krdl et al. (32),
with a low noise-count-rate photomultiplier (9514S, EMI,
Middlesex, UK).
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Measurement of the Plasma ET-1 Level

Samples of 1 mL of blood were collected from the venous plexus
of the orbit, added to the probes with EDTA (1 mg x mL™")
and aprotinin (500 KIU x mL™). They were immediately
chilled to +4°C, centrifuged at 300 x g and stored at —=70°C
for further use. The concentrations of the ET-1 were mea-
sured using RIA method with a commercially available rat
Endothelin-1 kit (Peninsula; Tracer 125J ET-1 (Rat)) accord-
ing to the manufacturer’s instructions.

Lymphocyte Culture and IL-15 and TNFo,
Measurement

Samples of blood (1.0 mL) were collected from the venous
plexus of the orbit and placed into tubes containing HBSS (1.0
mL) with heparin (20 IU). Lymphocytes were isolated using a
two-step gradient with the histopaques method (1.077 and
1.119 mL™"), then cultured in RPMI 1640 medium with 10%
fetal calf serum (FCS), 50 umol/mL B—mercaptomethanol,
2 mL L-glutamine, 100 mg/mL penicillin and 100 mg/mL
streptomycin. The lymphocytes were cultured for 24 h at 37°C
in 24 point palettes NUNC. The concentration of lymphocytes
in one sample was 1 million/mL. Lymphocytes were stimu-
lated with rat CSF (10% vol.), and after the CSF was centri-
fuged (700 x g), the concentration of IL-13 and TNFa was
measured in the supernatant using ELISA kits (commercial
kits for measurement rat’s IL-13 (RLB00) and TNFa (RTA00)
— R&D Systems; Minneapolis, MN, USA) according to the
manufacturer’s instructions.

Statistical Analysis

Statistical analysis was performed using Statistica 6.0 software.
The average values + SD were calculated. Parametric data
were analyzed using the Student’s ¢ test for single comparisons
and the U Mann-Whitney nonparametric test for unpaired vari-
ables. p values less than 0.05 were considered significant.

Results

The Oxidative Activity of PMNs

In order to determine the effects of ischemic and ischemic-
reperfusion brain damage on stimulation of systemic inflam-
matory responses, we investigated the oxygenic activity of
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PMNs with chemiluminescence methods. Changes in the
chemiluminescence of PMNs are shown in Fig. 1. A statis-
tically significant increase in the activity PMNs was
observed in rats with acute (MCAO 80" — p < 0.00001) and
prolonged (MCAO 24h — p < 0.001) focal cerebral isch-
emia and in the group with reperfusion (MCAO-R - p <
0.05) compared with the control group (sham). Statistically
significant differences in the oxidative activity of PMNs
were also observed in the MCAO 80, MCAO 24h and
MCAO-R groups. The level of chemiluminescence was the
highest in rats with acute focal ischemia (MCAOS80’) com-
pared to the MCAO 24h and MCAO-R groups (p < 0.05
and p < 0.05, respectively).

Plasma Concentration of ET-1

The greatest increase in plasma ET-1 level occurred in
the group with prolonged focal ischemia, while a smaller
increase was observed in the MCAO 80’ group compared
to the control group (sham) (p < 0.01 and p < 0.05,
respectively) (Fig. 2). Changes in the plasma ET-1 level
were also observed in rats with ischemia—reperfusion,
but the results were not statistically significant. The same
difference in plasma ET-1 level was observed in the
MCAO 80’ group compared to the MCAO 24h group (p <
0.05) and in the MCAO 24h compared to the MCAO-R
group (p < 0.05).
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Fig.1 PMN chemiluminescence in rats with acute and prolonged focal
cerebral ischemia and after reperfusion (chemiluminescence of PMNs
was measured every 15 min). *p < 0.00001, **p < 0.001, ***p < 0.05
when compared with the control group (sham). The differences between
groups were: MCAO80" and MCAO24h (p < 0.05); MCAO24h
and MCAO-R (p < 0.05). In groups were: MCAO80’ compared
with MCAO24h (p < 0.05); and MCAO24h compared with MCAO-R
(p < 0.05). Data are expressed as mean +SD of n = 8 observations
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Fig. 2 The plasma concentration of ET-1 following acute and pro-
longed focal cerebral ischemia and after reperfusion (in pg/mL™). *p <
0.05 when comparing the MCAO 80’ group with the control group
(sham), and ** p < 0.01 when comparing the MCAO 24h group with
the control group (sham). The same difference in the plasma levels of
ET-1 was observed in MCAO 80" group compared with the MCAO 24h
group (p < 0.05), and in the MCAO 24h compared with the MCAO-R
group (p < 0.05). Data are expressed as mean =SD for n = 8
observations.

Expression of Proinflammatory Cytokines in
Lymphocytes After Stimulation with CSF

We found increased expression of IL-1p after acute and
prolonged focal brain ischemia and after reperfusion in rat
lymphocytes stimulated with CSF (Fig. 3). A statistically signifi-
cant increase in the level of IL-1p was observed in the MCAO
24 h group and in the ischemic-reperfusion group MCAO-R
compared with the control group (sham). The increase in IL-13
expression was greatest in the ischemic-reperfusion group,
while it was similar in the MCAO 24h and MCAO-R groups (p
< 0.05 and p < 0.05, respectively). Changes in TNFa expres-
sion in the lymphocytes were observed in rats after focal brain
ischemia and after reperfusion, but the pattern of changes was
different when compared with the IL-1B group. In the acute
focal brainischemia group (MCAO 80'), we observed decreased
expression of TNFa in lymphocytes (p < 0.05), while in the
groups with prolonged focal cerebral ischemia (MCAO 24h)
and ischemia-reperfusion (MCAO-R), there were increased
levels of TNFa compared with the control group (sham)
(p < 0.05 and p < 0.05, respectively) (Fig. 4).

Discussion

Cerebral ischemia causes changes in blood cell activities and
induces the release of proinflammatory mediators, and PMNs
play an important role in the intensification of brain damage
in areas of focal cerebral ischemia. There is evidence that
PMNs contribute toischemic brain damage (3,6,12,14,15,56),
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Fig. 3 Expression of IL-1p in lymphocytes after stimulation with rat
CSF following acute, prolonged focal MCA cerebral ischemia and rep-
erfusion (in pg/mL). The IL-1p level was increased in prolonged (¥p <
0.05) focal cerebral ischemia and after reperfusion (*p < 0.05) com-
pared to the control group (sham). Data are expressed as mean + SD for
n=8 observations
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Fig. 4 Expression of TNFa in lymphocytes after stimulation with rat
CSF following acute, prolonged focal MCA cerebral ischemia and rep-
erfusion (in pg/mL™"). In the acute focal brain ischemia group (MCAO
80"), we observed decreased expression of TNFa in lymphocytes (p <
0.05). The levels of TNFo were increased in prolonged focal cerebral
ischemia and after reperfusion (*p < 0.05, respectively) when com-
pared with the control group (sham). Data are expressed as mean + SD
for n = 8 observations

although there are also opposing reports (21,38). We found
an increase in PMN activity in rats with acute or prolonged
focal cerebral ischemia and in rats with reperfusion. This
increase was higher in rats with prolonged ischemia or with
ischemia—reperfusion. The invasion of PMNs into ischemic
brain tissue contributes to the exacerbation of tissue injury in
stroke. Zaremba et al. (57) found that CXC chemokines have
the amino acid sequence glutamic acid-leucine—arginine
(ELR motif) close to the N terminus, which specifically act
on PMNs. Recent studies have shown that monocyte
chemoattractant protein-1 (CCL2) and its receptor (CCR2)
might play important roles in regulating blood—brain barrier
(BBB) permeability. Dimitrijevic et al. (16) found that
CCR2(—/-) mice had reduced infarct size and significantly
reduced BBB permeability, as well as reduced brain edema
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in the affected ischemic hemisphere compared to CCR2(+/4+)
mice. This reduction in injury was associated with reduced
infiltration of PMNs and reduced levels of inflammatory
cytokines during reperfusion. The cytokine-induced neutro-
phil chemoattractant (CINC) may play an important role in
PMN infiltration into ischemic lesions and in brain edema
formation following ischemia-reperfusion injury (53).
Yamasaki et al. (55) found that invasion of PMNs into the
cerebral parenchyma was an important step in rat cerebral
ischemia—reperfusion injury, with production of chemotactic
factors and CINC preceding PMN invasion.

ET-1 plays an important role in the development of focal
cerebral ischemia and is regarded one of the essential caus-
ative factors in prolonged vasospasm and brain ischemia
after aneurysmal subarachnoid hemorrhage. Recent studies
have suggested that endothelins might be important media-
tors of leukocyte activation in stroke. In the present study,
we found the greatest increase in ET-1 plasma levels in the
group with prolonged focal ischemia, while a smaller
increase was observed in rats with acute focal brain isch-
emia. Changes in the plasma ET-1 level were also observed
in rats with ischemia—reperfusion, but these changes were
not statistically significant. Endothelins mediate leukocyte
activation in ischemic stroke, and administration of the
endothelin A receptor antagonist, BSF-208075, during rep-
erfusion reduces post-ischemic leukocyte activation and has
a neuroprotective effect (23).

It is known that cerebral ischemia stimulates the produc-
tion of IL-1f in the brain (7,20). We found increased IL-1f
expression in rats with prolonged focal brain ischemia. An
increase in the levels of IL-1f was also observed in rats in
the ischemia—reperfusion group. McColl et al. (37) found
that systemic IL-1p changes led to the deterioration of
acute brain injury by exacerbating the mobilization and
infiltration of PMNs into the ischemic brain. IL-1f potenti-
ated post-ischemic PMNs and the accumulation of PMNs
in cerebral cortex prior to changes in brain damage. PMNs
might promote the conversion of vulnerable yet viable cor-
tical tissue to infarction through obstruction or thrombosis
of microvasculature (44,58), production of ROS causing
oxidative stress (2) and release of matrix metalloprotei-
nases that degrade components of the vascular basement
membrane and extracellular matrix (4,22). Cytokines play
key roles influencing the immune, endocrine and central
nervous systems (24). It has been suggested that IL-1 is a
potent inflammatory mediator that is synthesized and
secreted into the brain parenchyma. Thus, it appears that
IL-1B plays an important role in ischemic brain damage
following reperfusion (54). IL-1 is an important mediator
of acute brain injury (1) and a key regulator of inflamma-
tion during the host defense response. It has been shown
that proinflammatory interleukins can intensify the cascade
of biochemical changes in ischemic brain damage (24).
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Clinical findings also lend support to the idea that IL-1f3-
induced potentiation of PMN mobilization contributes to
poorer outcomes in stroke patients with preexisting sys-
temic inflammation. Activation and migration of PMNs are
regulated by CXC chemokines, small peptides that bind
G-protein-coupled receptors on the PMN surface, stimulat-
ing their discharge from bone marrow and directing their
local movement to sites of injury and/or infection (5.,9).
IL-1P stimulates the peripheral immune system and causes
greater production of interleukins and TNFa, which may in
turn exacerbate brain injury (7). An increase in serum
TNFo could be explained as part of the acute phase
response in stroke patients (26). In this study, we found
decreased expression of TNFa in lymphocytes during the
first period of acute focal brain ischemia and increased
expression of TNFa in rats with prolonged focal cerebral
ischemia or ischemia—reperfusion.

Stroke elicits a systemic acute phase response and is asso-
ciated with increased levels of circulating cytokines, acute
phase reactants, PMNs and total leukocyte counts, which cor-
relate with poor clinical outcomes (18,41,43,46,51). PMN
mobilization and cortical PMN infiltration were aggravated
by IL-1 prior to changes in ischemic damage (37). McColl
et al. (37) first demonstrated that IL-1 had pathological
effects similar to LPS, acting via the induction of neutrophil-
selective CXC chemokines and neutrophil-dependent mech-
anism. LPS induces the synthesis and release of multiple
inflammatory mediators via TLR activation. Peripheral IL-1
challenge is a similar stimulus to LPS, further supporting the
idea that IL-1 is the key mediator of LPS in this brain injury
paradigm (35,36,40). Cerebral ischemia evokes a strong
inflammatory response characterized by the activation and
release of cytokines, chemokines, adhesion molecules and
proteolytic enzymes that exacerbate tissue damage (10).
This inflammatory response is associated with activation of
inflammatory-related gene expression (17,59). TLR4 is
involved in the inflammatory response, suggesting effects of
innate immunity on inflammation and damage in the brain
after stroke (11). Caso et al. (11) first reported a direct effect
of TLR4 signaling in brain injury and inflammation caused
by stroke. Their data confirmed that innate immunity partici-
pated in brain damage following stroke and that TLR4 sig-
naling was implicated in ischemic brain damage via the
expression of iNOS, COX-2, interferon-regulatory factor
1(IRF-1) and matrix metalloproteinase-9 (MMP9). TLRs
activate NF-«B signaling pathways that lead to the transcrip-
tion of many proinflammatory genes and enzymes such as
iNOS (39). TLR4 is expressed in microglia and astrocytes
after MCAO, in agreement with previous data showing that
it is expressed in microglia (33) and astrocytes (8) following
inflammatory stimuli. It is not known, however, how isch-
emia activates TLRs. Innate immune responses are largely
mediated by leukocytes such as PMNs, macrophages and
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dendritic cells. Acute but transient elevation in chemokine
levels initially mobilizes PMNs from bone marrow; then,
rapidly declining chemokine levels facilitate the detection of
local tissue chemokine gradients required for PMNss extrava-
sation (37). There is currently no support for an integral role
of IL-1 and PMN mobilization in mediating the deleterious
effects of a systemic inflammatory challenge on acute isch-
emic brain damage (37).

Conclusion

Our results demonstrate that acute and prolonged focal cere-
bral ischemia as well as reperfusion induce a statistically
significant increase in the oxidative activity of PMNs.
Proinflammatory mediators (IL-1B3, TNFa) and plasma ET-1
levels were also increased, indicating the important role of
immune reactions in the development of damage to the brain
following ischemia and reperfusion. In this systemic inflam-
matory reaction and PMN mobilization, IL-1 plays an inte-
gral role in mediating the deleterious effects via the synthesis
and release of multiple inflammatory mediators, perhaps
through TLR activation.
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Factors in Creepy Delayed Neuronal Death in Hippocampus Following
Brain Ischemia-Reperfusion Injury with Long-Term Survival

Ryszard Pluta, Stawomir Januszewski, Mirostaw Jabtonski, and Marzena Utamek

Abstract Brain ischemia is well known for its ability to
compromise the function of the blood—brain barrier. We assessed
blood-brain barrier integrity by examining the leakage of
horseradish peroxidase (HRP) and different fragments of
amyloid precursor protein from the vascular network into
hippocampal parenchyma in rats exposed to brain ischemia
with long-term survival. The areas of blood—brain barrier
leakage were associated with increased staining of HRP
and C-terminal of amyloid precursor protein/B-amyloid
peptide in perivascular space suggesting, respectively, an
additional response to ischemia and neuronal death. These
results suggest that the events associated with delayed
neuronal death in hippocampus compromise blood—brain
barrier function. Additionally, these data suggest that the
leakage of cytotoxic amyloid precursor protein parts in the
CALl and other sectors of hippocampus may play a role in
the development of creepy delayed neuronal death after the
ischemia—reperfusion injury. These findings also suggest
that the blood—brain barrier vessels along the hippocampal
fissure especially in the medial part of the hippocampus are
more vulnerable to ischemic episodes than those in other
hippocampal areas.
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Introduction

Pyramidal neurons in the hippocampus CAl area are very
sensitive for brain ischemia-reperfusion and Alzheimer
disease insults. About one-third of the ischemic brains due to
cardiac arrest in rats did not show complete disappearance
of CAl area of hippocampus during 7-14 days following
injury (13, 19). They probably developed complete pathology
of CA1 area in long-term survival times (13). Brain ischemia
and Alzheimer disease are neurodegenerative disorders that
affect cognition, behavior and function. Ongoing research in
ischemia—reperfusion brain provides increasing evidence
that ischemic injury plays an important intimate role in the
etiology of Alzheimer disease, and ischemia is a potential
target for Alzheimer disease therapy (16, 17). The importance
of ischemic injury in the development of Alzheimer disease
has been highlighted by an increasing number of scientists
(16 see for references). However mainstream Alzheimer’s
disease investigators have largely ignored these important
information which may critically influence the development
of Alzheimer disease. Actually pathological mechanisms of
Alzheimer disease are related by most researchers to the
toxic effects of oligomeric B-amyloid peptide, which is
accumulated in intra- and extracellular space as unknown
phenomenon (3). The prevalence of both types of dementia
increases significantly with age. The memory deficit in both
diseases is a direct effect of hippocampal neuronal cells loss
and a disruption of neuronal cobweb.

The relationship between the extravasations of serum
born B-amyloid peptide into the brain parenchyma and
the dynamics of its deposition has recently been established
in pathology and neuronal dysfunction associated with
Alzheimer disease (12, 14, 15, 17). It should be clarified
whether the blood-brain barrier (BBB) changes with leakage
of some fragments of amyloid precursor protein (APP) from
serum contribute to the vulnerability of the pyramidal
neurons to ischemic episodes in the hippocampus with long-
term survival (6 months). Based on this information active,
slowly progressing subsequent processes will be identified
that regulate life and death decisions in chronic ischemically
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damaged neurons in hippocampus, thus providing better
insight into the molecular mechanisms of creepy delayed
neuronal death and subsequent neurodegenerative process.
The relationships among ischemic delayed neuronal death
and late barrier leakage have never been formally tested.
In the present investigation differences in the blood-brain
barrier leakage for toxic and untoxic molecules will be
presented. We will study the integrity of the late blood—brain
barrier function in ischemic hippocampus by examining the
staining reaction for horseradish peroxidase (HRP) and
different parts of amyloid precursor protein in perivascular
space with a light microscope.

Materials and Methods

Using female Wistar rats (n = 15, 3 months old, 150-180 g
body weight) blood—brain barrier (14) and amyloid precur-
sor protein (10) and neuronal changes (13) were studied by
light microscope following 10 min brain ischemia (9) with 6
months’ survival. As controls sham-operated animals (n = 6)
were sacrificed in due time. Rats were perfusion fixed for
these investigations. HRP introduced i.v. and circulated for
30 min was used as an indicator of blood-brain barrier
changes (14). Five hemispheres of brains were cut at 50 pm
slices in the coronal plane by a vibratome for HRP staining.
Next, after putting slices on microscope slides, they were
investigated. Paraffin sections from 5 brains were selected
for amyloid precursor protein immunohistochemistry (10)
and sections from all brains for neuronal structural observa-
tions (13). Control brains went through the same procedures
as ischemic ones. Control studies for amyloid precursor pro-
tein additionally included omission of the primary antibod-
ies (10).

Results

Immunoreactivity for HRP in Hippocampus

In ischemic hippocampus sites of extravasated horseradish
peroxidase were noted. Studies on vibratome sections com-
monly revealed mild, diffuse, random, focal and spotty stain-
ing around BBB neurovessels (Fig. 1a). Some BBB vessels
also displayed HRP staining on the microvessel wall. The
BBB permeability was restricted to vessels’ branching and
bifurcation. These BBB abnormalities dominated in CA1
and CA4 areas and gyrus dentate of ischemic hippocampus.
Control rat brains showed no HRP leakage (Fig. 1b).
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Immunoreactivity for APP in Hippocampus

After ischemic hippocampus injury rats revealed intense
perivascular staining for the C-terminal of APP (Fig. lc)
and the p-amyloid peptide. Multiple and abundant
C-terminal of APP and f-amyloid peptide deposits
embraced and/or adjoined the blood-brain barrier neu-
rovessels, spreading multifocally outward into the adja-
cent parenchyma (Fig. 1c). Blood-brain barrier
neurovessel lumens such as the inner and outer sides of
microvessel walls were labeled, too. C-terminal of APP/§3-
amyloid peptide immunoreactivity inside BBB microves-
sels with a halo of staining around them suggested
diffusion of these parts of APP out of the vascular net-
work (12). In any case, the halo of C-terminal of APP/B-
amyloid peptide staining in the hippocampus surrounding
BBB microvessels (Fig. 1c) suggests that these proteins
crosses the neurovessel wall (12). Deposits inside and
around BBB vessels dominated in CA1 and CA4 areas
and gyrus dentate of the hippocampus (Fig. Ic).
Perivascular deposits of C-terminal of APP/B-amyloid
peptide were more intense, but they took the same form as
extravasated horseradish peroxidase in ischemic hip-
pocampus. Control brains showed no APP staining inside
and around BBB vessels (Fig. 1d).

Neuronal Pathology in Hippocampus

At 6 months following ischemia, localized in CAl area,
complete loss of pyramidal neurons was observed in 93% of
investigated brains (Fig. 2b). At 7% of brains we noted
incomplete neuronal loss, which was superimposed with
degenerating neurons. Additionally different types of neuro-
degeneration in other sectors of hippocampus were noted.
The first one took the form of acute, and the second chronic
neuronal cell degeneration, but they appeared in those
sectors of hippocampus that were not involved in early
pathology such as the CA2, CA3 and CA4 areas and gyrus
dentate (Fig. 2¢). At these sectors neuron loss was superim-
posed with degenerating ones which at that time became
even more intense and diffuse (Fig. 2¢). In all sectors following
ischemia naked astrocytic nuclei and glial nodules replaced
disappearing neuronal cells. Hypertrophic and proliferating
astrocytes were localized in sectors of complete, severe and
mild neuron loss. Gross and microscopic neuropathological
examinations performed at that time revealed mild atrophic
features of hippocampus and other parts of brain. In control
rat brains we did not observe pathology in pyramidal neurons
of hippocampus (Fig. 2a)
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Fig. 1 Vibratome sections stained for horseradish peroxidase in ischemic hippocampus (arrowheads) (x40) (a)
and in control hippocampus (x100) (b). Staining for C-terminal of amyloid precursor protein in ischemic hippocam-
pus (between arrowheads) (x35) (¢) and in control hippocampus (x100) (d).

Discussion

These results represent the first evaluation of blood—brain
barrier leakage after ischemic-reperfusion hippocampal injury
in rats with long-term survival. This study showed that creepy
delayed neuronal death in hippocampus is associated with
leakage of cytotoxic fragments of amyloid precursor protein
across BBB (15) (Fig. 3), especially in the medial part of this
structure (23). These data were confirmed using macro- (HRP)
and micromolecular tracers (f-amyloid peptide) (14).
The leakage seen was long-lived because it was still present
6 months after ischemia and was associated with continuous
neuronal death and increased number of activated glial
cells in all sectors of hippocampus. Taken together, this study
suggests that ischemia-induced creepy delayed neuronal death
by three main mechanisms: (1) immediate ischemic neuronal
loss, (2) influence of B-amyloid peptide on ischemic pyrami-

dal neurons, (3) influence of 3-amyloid peptide on ischemic
pyramidal neurites by retrograde neuronal degeneration
and all of these pathways were associated with long-term
dysfunction of blood—brain barrier (Fig. 3). We would like to
point out that following brain ischemia—reperfusion injury is
developing creepy delayed neuronal death in all areas of
hippocampus with final dementia (Fig. 3). It was recognized
by us that neuropathological mechanisms in pyramidal neurons
in hippocampus continue well beyond the acute stages (13).

Some studies suggest that blood—brain barrier function
returns to normal activity within 14 days even after the
severest injury (2, 20). It therefore appeared that factors
other than only primarily ischemic were responsible for the
long-lived blood-brain barrier dysfunction. The apparent
insufficiency observed in the blood—brain barrier could result
from some different mechanisms. These include temporal
stop of microcirculation during recirculation due to platelet
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Fig.2 Neuronal damage in ischemic hippocampus. (a) Well preserved
pyramidal neurons in control hippocampus in CAl, CA2, CA3 and
CAA4 areas and gyrus dentate (GD) (x35). (b) Complete disappearance
of pyramidal neurons in CA1 sector of hippocampus following ischemia
(between arrowheads) (x40). (¢) Acute and chronic neuronal damage
in ischemic hippocampus in area CA3 (between arrowheads and single
arrowheads) (x400). Staining H&E

aggregation (11), neovascularization that often leaks during
development/formation (22), increased transcytosis (18)
and dysfunction in astrocyte activity responsible for tight
junctions (1). Additionally, some studies have shown that
neuroinflammation is able to change normal blood—brain
barrier function (8). Initially, it was suggested that only
microvascular inflammogens were involved in the breakdown
of blood-brain barrier. More recently it has become
clear that neuroinflammation on the abluminal side of the
blood-brain barrier is also able to damage the barrier (7).
In addition many factors thought to be involved in the inflam-
mation underlying Alzheimer disease may also influence
blood-brain barrier activity. B-amyloid peptide was presented
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Fig. 3 Three main pathways in the development of creepy delayed
neuronal death and atrophy in hippocampus and finally dementia. BBB
— blood-brain-barrier, BA-f-amyloid peptide

to break down blood-brain barrier (5). Claudio (3) showed
ultrastructural changes in the blood—brain barrier and collagen
accumulation in areas of brain cell loss from patients with
Alzheimer disease that are also observed in experimental
ischemic animals with damaged blood—brain barrier (6, 11).
It is possible that brain ischemia induces on the parenchyma
side neuroinflammation sustain disruption of blood-brain
barrier function in our study. In our experiments it was radical
disruption of blood-brain barrier because we observed in
leaking areas diffuse leakage and edema (15). Probably
ischemia increases the toxicity of B-amyloid peptide (Fig. 3).
Other possibility that ischemia increases the vulnerability of
pyramidal neurons to toxicity of 3-amyloid peptide (Fig. 3).

We believe that blood born f-amyloid peptide recognizes
and destroys myelin sheaths and the underlying axons in
hippocampus (21). Activated macrophages synthesize and
secrete cytokines that damage oligodendrocytes causing
interference with myelination. Disruption of the blood—brain
barrier is one of the initial key steps in hippocampal white
matter pathology (15, 17) that follows massive demyelination
and retrograde neuronal death and finally complete disap-
pearance of CA1 sector and some other areas in hippocampus.
If creepy delayed neuronal degeneration is associated with
long-lived abnormalities of blood—brain barrier function, then
those sectors of the hippocampus/brain would be exposed to
longer and higher quantities of vascular neurotoxins like



Factors in Creepy Delayed Neuronal Death in Hippocampus

e.g. B-amyloid peptide that could contribute to further progres-
sion of neurodegenerative processes (16). Next, if the barrier
is damaged, itis also possible that inflammogens and immune
mediators from vascular network play an important role in
the neuropathogenesis of ischemia- and Alzheimer-type
dementia as we proposed earlier (16). Finally, repairing of
disrupted barrier would offer a new strategy in the therapy of
ischemic and Alzheimer dementia (4, 17).

The fundamental message of this study is that probably
the neuropathology seen in ischemic hippocampus is a creepy
process from initial ischemic neuronal changes to the well-
established extravasations of C-terminal of APP/B-amyloid
peptide, across ischemic blood—brain barrier, culminating in
the formation of amyloid plaques and dystrophic neuritis,
and finally ends in full-blown Alzheimer disease.
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Endogenous Pituitary Adenylate Cyclase Activating Polypeptide
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Abstract Pituitary adenylate cyclase activating polypeptide
is a pleiotropic neuropeptide. We previously showed that
heterozygous PACAP gene knockout (PACAP*") mice had
larger infarct volumes and worse neurological scores after
middle cerebral artery occlusion (MCAO). However, the rela-
tionship between endogenous PACAP levels and edema in the
ischemic brain has not yet been evaluated. In this study, the
formation of edema in the ischemic brain as well as cerebral
blood flow was compared between PACAP*~ and wild-type
(PACAP**) mice. The amount of brain edema was calculated
by subtracting the contralateral volume from the ipsilateral
volume 24 h after permanent MCAO. PACAP"- mice showed
significantly greater brain edema than PACAP"* mice. To
investigate the effects of endogenous PACAP on blood flow
during ischemia, cerebral blood flow in the ipsilateral and the
contralateral cortices was compared between PACAP*~ and
PACAP*™* mice for 25 min after ischemia. With a two-dimensional
laser Doppler perfusion imaging system, the blood flow in the
ipsilateral and contralateral cortices was shown to be similar
in PACAP*~ and PACAP** mice during ischemia. These results
suggest that endogenous PACAP suppresses the formation of
edema in the ischemic brain.
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Introduction

Pituitary adenylate cyclase activating polypeptide (PACAP)
was isolated from ovine hypothalami based on its ability to stim-
ulate the accumulation of cAMP in rat pituitary cell cultures
(1,6). PACAP has been shown to have pleiotropic functions in
the central nervous system such as neurotransmission,
neuroprotection and regulation of neural development (12,16).
The neuroprotective effects of PACAP occurred at very low
concentrations with intracerebroventricular (icv) or intrave-
nous (iv) infusion after global or focal ischemia (10,15). We
have previously shown that heterozygous PACAP gene
knockout (PACAP*-) mice exhibit greater infarct volumes
than wild-type (PACAP**) mice after middle cerebral artery
occlusion (MCAO) (9). Another group has since shown
similar results using PACAP-deficient mice (3). These reports
imply that endogenous PACAP is a potent neuroprotectant in
the brain. However, the function of endogenous PACAP
during the formation of edema in the ischemic brain has not
yet been thoroughly examined. Moreover, the regulatory
effects of endogenous PACAP on cerebral blood flow (CBF)
during ischemia are unknown. In this study, we examined the
effects of endogenous PACAP on the formation of brain
edema and CBF after ischemia using PACAP*~ mice.

Materials and Methods

Animals

All experimental procedures involving animals were appro-
ved by the Institutional Animal Care and Use Committee of
Showa University (07035,08117). The PACAP null (C57/
B6J) mouse has been described previously (9). Because
PACAP null mice have a high rate of lethality 1 to 2 weeks
after birth (4), experiments were performed only on
heterozygous PACAP knockout mice (PACAP*") and wild-
type (PACAP** ) mice.
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Permanent Cerebral Ischemia Model

Mice were anesthetized with 2.0% sevoflurane in N2O/O2,
and then subjected to permanent MCAO (pMCAO) via the
intraluminal filament technique with a monofilament nylon
suture. The right common carotid artery, external carotid
artery (ECA), internal carotid artery, and pterygopalatine
artery were exposed and the distal part of the ECA was
occluded. Then, a 7-0 round tip nylon filament was intro-
duced into the ICA from the ECA, advanced 8 to 10 mm
distal to the carotid bifurcation and the MCA was occluded.
After ligation of the filament to the ECA, the incision was
sutured. At 24 h after ischemia, mortality and the volume of
brain edema were evaluated.

Calculation of Brain Swelling

The animals were decapitated and the brain was sliced into
four 2 mm coronal sections using a mouse brain matrix. The
brain slices were photographed on the anterior surface of
each section with a scale bar. The areas of the brain sections
were measured using NIH image software. The volume of
brain edema (mm?®) was determined by subtracting the volume
of the non-ischemic (contralateral) hemisphere from the
volume of the ischemic (ipsilateral) hemisphere.

Measurement of Cerebral Blood Flow

Cerebral blood flow (CBF) was measured with a two-
dimensional laser Doppler perfusion imaging system
(PeriScan PIM2; Perimed AB, Jirfilla, Sweden). Mice were
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anesthetized with pentobarbital and fixed to a mat with
surgical tape. After incision of the head skin, the skull was
exposed. The probe (0.1 mm in width) was set 15 cm anterior
to the bregma, and a 20 x 22 mm area was scanned using
the high-resolution mode. The mean value of four sites
(0.1 mm? each) on the ipsilateral and contralateral regions
of the skull on brain cortex was calculated as the CBF.
The scan was performed three times before ischemia, and
the mean value for the cortical region was calculated as
the pre-ischemic CBF. Within 30 min after the first scan, the
pMCAO was applied as described above. Blood flow was
measured every 2.5 min during pMCAO until 25 min after
ischemia. Blood flow values are expressed as a percentage of
the baseline (pre-ischemic) CBF values.

Results

The mortality and brain swelling of PACAP*~ and PACAP**
mice were evaluated 24 h after pMCAQO. The mortality of
the PACAP*~ mice (9/24, 37.5%) was higher than that of the
PACAP** mice (3/18, 16.7%) (Fig. 1a). Swelling of the
ischemic brain was assessed by subtracting the contralateral
volume from the ipsilateral volume. The contralateral volumes
of the PACAP** and PACAP*~ mice were 143.7 + 1.6 and
145.3 + 1.3 mm’, respectively, while the ipsilateral volumes
of PACAP** and PACAP*~ mice were 162.7 + 2.2 mm’
and 170.7 £ 2.4 mm?, respectively. The swelling volume
of the PACAP*~ mice (25.4 = 1.8 mm?®) was significantly
greater than that of the PACAP** mice (19.1 £ 2.2 mm?)
(Fig. 1b).

We subsequently checked the CBF using a laser Doppler
perfusion imaging system to compare the CBF during isch-
emia between PACAP*~ and PACAP** mice. When CBF
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Fig. 1 Mortality (a) and the volume of brain edema (b) in PACAP** and PACAP*~ mice 24 h after pMCAO. The volume of brain edema volume
is expressed as the mean + SE (n = 15). ¥ P < 0.05 (unpaired Student’s #-test)
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Fig. 2 Cerebral blood flow
(CBF) during pMCAO in
PACAP** and PACAP*~ mice.
The left panel shows the typical
pattern of CBF. Regions of high
(red) to low (blue) blood flow 4
are displayed. The right graph
shows the changes of CBF on

the ipsilateral and contralateral During
sides of the cortical region based  |schemia _< 12.5 min
on pre-ischemic values (n =5) (pMCAO)

22.5 min

before ischemia was set to 100%, the CBF at 2.5 min after
ischemia on the contralateral side of the PACAP** mice was
125.5 = 4.2% and for the PACAP*~ mice, it was 123.9 +
4.2%, while the CBF on the ipsilateral side of the PACAP**
mice was 46.2 + 3.0% and for the PACAP*~ mice, it was
41.0 = 2.7% (Fig. 2). The CBF 25 min after ischemia on the
contralateral side of the PACAP** mice was 120.1 = 8.3%
and for the PACAP*~ mice, it was 119.8 + 2.8%, while the
CBEF on the ipsilateral side of the PACAP** mice was 50.3 +
4.1% and for the PACAP*~ mice, it was 53.6 + 3.4%. These
reductions of CBF during ischemia did not differ signifi-
cantly between PACAP*~ and PACAP** mice (Fig. 2).

Discussion

Brain edema is known to be the major factor associated
with mortality and morbidity in stroke patients. In this
study, mortality and brain swelling were shown to be worse
in PACAP*~ mice. We previously reported that PACAP*~
mice had greater infarct volumes and worse neurological
scores than wild-type mice (9). The current results demon-
strate that endogenous PACAP suppresses other ischemic
insults such as brain edema in addition to infarct volume.
The CBF during ischemia was compared between PACAP*~
and PACAP** mice because iv infusion of PACAP at a high
concentration (5 x 10~* mol/kg) decreased the blood pres-
sure and regional CBF (8). The changes of CBF between
PACAP*~ and PACAP** mice during ischemia did not dif-
fer. This suggests that endogenous PACAP has a neuropro-
tective role as well as anti-edema potential without having
any adverse effect on CBF.

Brain edema is the result of perturbed water homeostasis
and involves swelling of astrocytes (5). The aquaporin-4
(AQP4) water-selective channel plays a key role in the main-
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tenance of brain water homeostasis, which implies that it is
involved in the formation of edema in the brain. AQP4 is
expressed at high levels in astrocytes and its expression
increases in reactive astrocytes during an acute brain injury
(2,11,14). We have reported that the PACAP-specific receptor
(PAC -R) is expressed in astrocytes and that PAC -R immu-
noreactivity is increased in reactive astrocytes in vivo after a
stub wound (7,13). These results suggest that PACAP reg-
ulates the activation of astrocytes and AQP4 expression dur-
ing brain injury.

In conclusion, our results suggest that endogenous
PACAP plays an important role in the regulation of brain
water homeostasis and has a potent anti-edema role during
ischemic stroke. Further studies are required to evaluate the
relationship between the formation of brain edema and
PACAP levels during ischemic stroke.
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Reduced Matrix Metalloproteinase-9 Activity and Cell Death After
Global Ischemia in the Brain Preconditioned with Hyperbaric Oxygen

Robert P. Ostrowski, Vikram Jadhav, Wanqiu Chen, and John H. Zhang

Abstract Matrix metalloproteinase-9 (MMP-9) plays a
deleterious role in cell death after global cerebral ischemia.
Preconditioning with hyperbaric oxygen (HBO-PC) reduces
neuronal damage in the post-ischemic brain; however, its
effect on ischemia-induced increase in MMP-9 activity and
expression remains unexplored.

We investigated effects of HBO-PC on alterations in
MMP-9 activity/tissue expression accompanying neuronal
death after transient global cerebral ischemia.

Male SD rats (300-350 g), were allocated either to
non-ischemic (naive control or sham-operated) or ischemic
(four-vessel occlusion, 4VO; 10 min) groups that were
HBO-preconditioned (2.5 ATA, 1 h daily for 5 days; the last
session 24 h before ischemia) or not. Neurobehavioral
deficits were assessed prior to collection of brain tissue for
gel zymography (MMP-9) and histology (MMP-9 immuno-
fluorescence, TUNEL) at 0 (without ischemia), 6, 24, 72 h
and 7 days after 4VO.

Both, MMP-9 levels and cell death increased in the hip-
pocampus at 72 h after 4VO. HBO-PC suppressed postis-
chemic MMP-9 activity and CA1 cell damage, and improved
functional performance. The increase in MMP-9 immunore-
activity in the brain was also detected after HBO-PC alone.
HBO-PC suppresses MMP-9 activity and expression in the
postischemic hippocampus. The mechanism of HBO pre-
conditioning may depend on the induction of MMP-9 in the
preischemic phase and may be in part mediated by exhaus-
tion of MMP-9 stores in cerebral tissues.

Keywords Matrix metalloproteinase-9 « global cerebral
ischemia ¢ hyperbaric oxygen preconditioning e cell death
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Introduction

The occlusion of four major vessels supplying the rat brain
creates a model of global cerebral ischemia that may occur
during major cardiovascular procedures, in liver transplant
recipients and, to the extreme, during cardiac arrest, experi-
enced by more than a thousand Americans daily (8). Ischemia-
induced increase in MMP-9-mediated proteolysis may cause
apoptotic neuronal death by hampering survival signals from
extracellular matrix to cell interior and by degrading the
matrix itself (11). Preconditioning with hyperbaric oxygen
(HBO-PC) has been shown to protect against ischemic cell
death; while HBO post-treatment following major cerebral
ischemia may reduce MMP-9-mediated damage to the pro-
teins forming neurovascular matrix (6,7). Therefore, the
positive effects of HBO-PC may be through a reduction of
ischemic MMP-9 activation, although it has yet to be exam-
ined (4). The aim of this study was to investigate the
effects of preconditioning with hyperbaric oxygen on altera-
tions in MMP-9 activity/tissue expression underlying neu-
ronal death in the rat model of global ischemic stroke. We
hypothesized that HBO-PC will decrease ischemic activa-
tion of MMP-9 and, thereby, reduce the extent of neuronal
death after transient global cerebral ischemia.

Material and Methods

All experimental procedures were approved by Animal Care
and Use Committee at Loma Linda University. Global
cerebral ischemia was induced by bilateral occlusion of the
common carotid and vertebral arteries for 10 min, as was
described in detail elsewhere (9).

The surgeries were performed under Ketamine (100 mg/kg
b.w.) and Xylazine (10 mg/kg b.w.) anesthesia (i.p) (9).
A total of 103 male Sprague Dawley rats (300-350 g) (Harlan,
Indianapolis, IN) were divided into sham surgery group,
4VO-untreated group (4VO), and HBO-PC+4VO group pre-
conditioned with hyperbaric oxygen once daily (1 h, 2.5 ATA,
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100% oxygen) for 5 consecutive days. The last HBO ses-
sion was administered 24 h prior to the induction of isch-
emia (i.e. prior to “0” time point). At “0” time point (a group
of rats preconditioned with HBO w/o ischemia) or at 6, 24, 72
h and 7 days after ischemia (preconditioned or not) rats were
examined for neurobehavioral deficits and euthanized. The
brains were collected for histology (MMP-9 immunofluores-
cence, Nissl staining and TUNEL) and gel zymography — for
measurements of MMP activity (10), The immunofluorescent
staining was used to evaluate immunoreactivity of MMP-9 in
the brain. Terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) was performed with a kit
(Roche, IN) in brain samples at 72 h after 4VO (2).

Results

All but two (in the untreated 4VO group) operated animals
survived till the time of euthanization. The untreated rats
performed worse in T-maze, as compared with HBO precon-
ditioned rats on day 3 after ischemia (*p < 0.05 vs. Sham, #p
<0.05 vs. 4VO; ANOVA) (Fig. 1). MMP-9 activity in ischemic
brains significantly increased as compared to sham group
at 72 h after 4VO (*p < 0.05 vs Sham, ANOVA) (Fig. 2).
Intergroup comparison (Holm-Sidak method) revealed a
significant decrease in MMP-9 activity in brain samples
from the HBO-preconditioned rats (#p < 0.05 vs 4VO).
MMP-9 immunoreactivity increased in the postischemic
hippocampus (Fig. 3c), where as HBO-PC reduced MMP-9
tissue expression 72 h after ischemia (Fig. 3d). At the same
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Fig. 1 The performance of rats in T-maze was tested at 72 h after
global cerebral ischemia, in blinded fashion. Briefly, rats were placed in
the maze stem and allowed to explore for 1 min. Then ten trials for
spontaneous alternation of maze arms were done over 20 min. The
results were expressed as percent of spontaneous alternation with
respect to 50% reference (0% = no alternation, 100% = alternation at
each trial). HBO-PC nearly reversed deterioration in T-maze perfor-
mance caused by ischemia (*p < 0.05 vs. Sham; #p < 0.05 HBO-PC +
4VO vs. 4VO; n = 4 per each group)
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Fig. 2 Gel zymography was used to detect alterations in MMP-9
activity in the hippocampus. Whole cell protein extracts, 60 ng per
well, were separated in 10% Tris-glycine gel with 0.1% gelatin as
substrate (Bio-Rad). After renaturation the gel was developed at 37°C
for 48 h, stained with 0.5% Coomassie Blue R-250 for 60 min., and
then destained. HBO-PC suppressed MMP-9 activity at 72 h after
ischemia (*p < 0.05 vs. Sham; #p < 0.05 HBO-PC + 4VO vs. 4VO;
n = 4 per each group)

time point we observed TUNEL positive cells in the CA1
region of the hippocampus (Fig. 3e). HBO-PC reduced abun-
dance of cells with DNA strand breaks (Fig. 3f). The light
microscope observations revealed a substantial ameliora-
tion in neuronal damage in the HBO-PC group at day 7 after
ischemia (Fig. 3h). Of note, HBO-PC alone, without subse-
quent ischemia, caused increased MMP-9 immunoreactiv-
ity in CA1 (Fig. 3b).

Discussion

In our study, the increase in MMP-9 tissue expression and
activity occurred in parallel with delayed cell death after
ischemia. Previous studies indicated that MMP-9 plays a
major role in the degradation of the extracellular matrix pro-
tein laminin, which may contribute to the postischemic cell
death (11). The fact that HBO-PC reduces brain MMP-9
activity and tissue expression, concomitant with amelioration
of cell death after global cerebral ischemia, appears to be the
most significant finding of this study. As of yet, only HBO
post-treatment has been shown to reduce MMP-9 levels and
damage to the components of extracellular matrix (6). The
increase in tissue expression of MMP-9 caused by HBO-PC
observed in this study opens the possibility of exhaustion
of brain MMP-9 stores for a preconditioning mechanism.
Such exhaustion would lead to decreased MMP-9 release fol-
lowing brain ischemia (3). In these settings, reduced MMP-9
activity in the HBO-PC group would merely reflect a deple-
tion of MMP-9 stores in the brain. However, we believe that
other preconditioning mechanisms should also be taken into



Reduced Matrix Metalloproteinase-9 Activity and Cell Death After Global Ischemia in the Brain 49

Pre-ischemia

4VO0

HBO-PC+ 4VO

MMP-9

Fig. 3 HBO-PC reduced MMP-9 immunoreactivity (d) and apop-
totic changes (f) on day 3, and diminished neuronal loss (h) on day 7
following ischemia. TUNEL and MMP-9 immunofluorescent label-
ing were performed in formalin-fixed brain sections. The rabbit anti-

consideration. As demonstrated in our recent study, HBO
preconditioning induced HIF-1a, a known mediator of isch-
emic tolerance in the brain (5). Tissue inhibitor of metallopro-
teinases-1 (TIMP-1), a HIF-1 target gene, can irreversibly
inactivate MMP-9 (1). Further studies are needed to deter-
mine if HBO-PC works by inducing TIMP-1 and thereby
ameliorating cell death through blockade of MMP-9, follow-
ing global cerebral ischemia. In summary, we observed that
HBO-PC induced MMP-9 in cerebral tissues before brain
insult and led to decreased MMP-9 levels following brain isch-
emia. Concomitantly, HBO-PC suppressed cell death in
the postischemic hippocampus. The mechanism of HBO-
PC-induced ischemic tolerance may depend on the reduction
of MMP-9 and may be related in part to the exhaustion of
MMP-9 stores in the brain.
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Radiation Exposure Prior to Ischemia Decreases Lesion Volume,

Brain Edema and Cell Death

E. Titova, A. Adami, R. Ostrowski, S. Lalas, R. Vlkolinsky, J.H. Zhang, G. Nelson, and A. Obenaus

Abstract

Purpose To investigate the neuronal response to ischemic
injury following exposure to whole brain proton irradiation.

Methods Brain only proton irradiation (8 Gy, 250 MeV)
was performed ten days prior to middle cerebral artery
occlusion (MCAO) in 1 year old male Sprague Dawley rats.
MCAO was induced in two animal groups: proton irradiated
(MCAO + Rad) and MCAO only. Magnetic resonance imag-
ing (MRI) and quantitative analysis were performed prior to
and 2 days after irradiation, and then 2, 14 and 28 days after
MCAO. After the last imaging time point animals were sac-
rificed and TUNEL staining was performed on 4% para-
formaldehyde — fixed brain sections.

Results Neuroimaging demonstrated a reduction in isch-
emic lesion volume in the MCAO + Rad group compared
with MCAO alone. Neurological deficits did not differ
between ischemia groups. Interestingly, there was a 34%
decrease in the number of TUNEL-positive cells in MCAO
+ Rad brains compared to MCAO alone.

Conclusion Our results suggest that radiation treatment
reduces brain edema, ischemic lesion volume and peri-
ischemic apoptosis. The underlying mechanisms are currently
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unknown and additional studies will elucidate the signifi-
cance of these results.

Keywords Cerebral ischemia ¢ MRI ¢« MCAO e proton
e radiation e stroke

Introduction

Radiation has been shown to alter normal brain physiology,
including brain microcirculation (8). Radiation-induced
damage results in pathological modification of blood vessels,
cortical atrophy, cerebral white matter necrosis and fibrosis,
and delayed (months to years) neurological deficits (19).

However, radiation is used clinically for treatment
of brain cancers and arteriovenous malformations
(AVM) (6, 18). Modern radiotherapy techniques allow
minimal damage to surrounding tissues thus improving
patient survival and outcomes (12). Yet, more attention
is needed to evaluate long-term treatment-related mor-
bidity. Radiotherapy accelerates cerebral vascular ath-
erosclerosis (5), seriously impairs cognitive functions
(3, 10, 13), and leads to increased risk of stroke even
many years after the initial therapy (12). Child cancer
survivors who had undergone radiotherapy are at sig-
nificantly increased risk for adverse cardio- and cere-
brovascular effects (11). The risk of developing stroke,
along with increased risk of vasculopathy, ‘blood clots’
and ‘angina-like symptoms’, is more than 40 times
greater among childhood brain-tumor survivors than
sibling controls (1).

While high doses of radiation are known to exert pro-
inflammatory effects, low doses have been shown to have an
anti-inflammatory effects (15). Inflammation significantly
contributes to the acute brain damage and subsequent tissue
loss caused by ischemia/reperfusion (17). We hypothesized
that a moderate dose of proton radiation may have beneficial
effects on post-ischemic brain injury. The mechanisms
underlying the neurorepair process after combined radiation
and ischemic injury are unknown and knowledge of these

Z. Czernicki et al. (eds.), Brain Edema XIV, Acta Neurochirurgica Supplementum Vol. 106, 51

DOI 10.1007/978-3-211-98811-4_8, © Springer-Verlag/Wien 2010



52

mechanisms may improve therapeutic approaches in patients
exposed to radiation and at risk of stroke.

Methods

A total of 10 male, 1 year old Sprague Dawley rats (530-550 g;
Harlan, Indianapolis, IN, USA) were divided into MCAO and
MCAO + Rad groups (n = 5 in each group). Animals were
housed under 12:12 h light/dark cycle with access to water and
food ad libitum. All procedures were approved by the Animal
Care and Use Committee at Loma Linda University (LLU).

In the MCAO + Rad group brain only irradiation was per-
formed at 10 days (Day -10) before middle cerebral artery
occlusion (MCAO) (Day -0). Irradiation was performed at
the LLU Proton Treatment Facility with accelerated protons
(8 Gy, 250 MeV; 5.8 Gy/min; collimated, brain only). The
focal ischemic insult was induced by 50 min MCAO using
an intraluminal thread technique (7). Neurological tests were
performed at 1, 2, 14 and 28 days after ischemia induction by
a blinded investigator using an 18-point neurological scoring
system (4) (minimum neurological score was 3 and the max-
imum in healthy animals was 18).

MRI data were collected prior to irradiation and 2 days
after irradiation (Day -8), and after MCAO induction (2, 14,
28 days). MR data was obtained using a Bruker 4.7T and
analyzed as previously described (2). 3D volumes and ROI
analysis for T2ZWI were obtained and summarized.

After the final imaging time point animals were intracar-
dially perfused with ice-cold 0.12 M Milloning’s phosphate
buffer, pH 7.3 (1 mL/1 g body weight) and fixed in 4% para-
formaldehyde (Electron Microscopy Science, Hatfield, PA).
Brains were cut coronally (30 um) through the ischemic core
(based on MRI) on a cryostat.

Terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) was performed on coronal sections from
each animal at the level corresponding to the peri-ischemic
region (approximately 1 mm from ischemic core) by using in
situ Cell Death Detection Kit, Fluorescein, according to the
manufacturer’s instructions (Roche Indianapolis, IN) (9).

Data are expressed as the mean + SEM. Statistical signifi-
cance (p < 0.05) was tested by a Student’s t-test or ANOVA
followed by Bonferroni post hoc comparisons.

Results

Neurological Function

MCAO resulted in significant neurological deficits in both
animal groups compared to pre-ischemia. However, there
were no significant differences in neurological deficits

E. Titova et al.

detected between MCAO and MCAO + Rad groups at all
time points after ischemia induction.

MRI

Neuroimaging (T2WI) of the ischemic tissue demonstrated
that whole brain radiation exposure of MCAO + Rad animals
resulted in a significant reduction of the ischemic lesion vol-
ume (*p < 0.05 vs MCAO, ANOVA) (Fig. la, b). T2 values
(indicative of brain water content) in MCAO and MCAO +
Rad groups were significantly increased within the lesion
volume in both groups after MCAO induction compared to
pre-stroke values.

TUNEL Staining

Quantification of the number of TUNEL positive cells
detected a 33.7% decrease in the peri-ischemic area (1 mm

MCAO+Rad
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Fig. 1 Neuroimaging after MCAO induction. (a) Lesion volume from
MRI (T2WI) was markedly reduced in the MCAO + Rad compared
with the MCAO-only group (dotted line indicates ischemic area).
(b) The percentage difference between ischemic lesion volume in MCAO
animals versus MCAO + Rad animals determined at 2, 14 and 28 days
was significantly reduced at 2 days (*p < 0.01, ANOVA). Inset: A 3D
MR reconstruction of T2WI from which lesion volumes were derived
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Effects of VEGF Administration or Neutralization

on the BBB of Developing Rat Brain
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Abstract We investigated the effects of exogenous Vascular
Endothelial Growth Factor VEGF combined with an enriched
environment on BBB integrity after a minimal trauma
induced during the first days of the critical visual period
in rats, when peak levels of endogenous VEGF secretion
are reached. VEGF was administered using osmotic mini-
pumps placed in middle cortical layers of P18 Long-Evans
rats. Tissue changes were evaluated using conventional his-
tology. BBB integrity was shown by immunohistochemistry
techniques for EBA and GIuT-1. Mini-pump implantation
produced a wider cavity in anti-VEGF infused rats. In
VEGF-infused rats there was a damaged region around
the cannula that was smaller in rats raised in an enriched
environment (EE). The administration of VEGF induced a
high concentration of plasma proteins in the neuropil around
the point of cannula placement and a high inflammatory
reaction. VEGF-infused rats raised in an EE showed a lower
degree of extravasation and better tissue preservation. Anti-
VEGF administration produced a lower protein expression
profile and more widespread deterioration of tissue. Double
immunofluorescence for EBA and GluT-1 showed that the
administration of VEGF preserves the tissue, which remains
present but not fully functional. In contrast, a combination
of VEGF administration and an EE partially protects the
functionally damaged tissue with a higher preservation of
BBB integrity.

Keywords Blood—brain barrier » endothelial barrier antigen
* glucose transporter ® vascular endothelial growth factor
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Introduction

Postnatal development of the visual cortex is modulated by
experience. Experience-mediated changes produce an increase
in neuronal activity, which in turn leads to adaptive changes in
the vascular network (4). Most of these occur during the criti-
cal period. In the rat visual system, this period is between the
third and fifth postnatal weeks (7). Previous research has
reported the effects of visual experience on the cortex vascu-
lature (1,2) and the increase of several factors such as nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), or neurotrophin-3 (NT-3) related to an enriched
environment (EE) (8,17).

Vascular Endothelial Growth Factor (VEGF) plays a
major role in angiogenesis and vascular permeability, induc-
ing leakage in the blood-brain barrier (BBB) (12,20). In
pathological situations, VEGF has also shown strong neuro-
protective and neurotrophic properties (19). The main human
isoform is VEGFI()S; the rodent isoform of VEGF is one
amino acid shorter.

Among BBB markers, Endothelial Barrier Antigen (EBA)
is a rat-specific protein that is only expressed in brain
microvessels of the mature, intact and fully functional BBB
(2,15). The EBA is a late-phase BBB maturation marker,
whereas glucose transporter 1 (GluT-1), which is also located
in the endothelial plasma membrane of brain microvessels,
is a marker for the early phase (18). GluT-1 has been shown
to remain immunopositive even when pathological altera-
tions of the barrier promote changes in EBA expression (2).

The aim of this research was to investigate the effects of
intracortical infusion and neutralization of VEGF on BBB
integrity after light trauma induced by the implantation of an
osmotic mini-pump during the first days of the critical visual
period in rats. This study also compares EBA expression in
rats raised under standard conditions and in an enriched
environment in order to evaluate the influence of outside
experiences during the critical period. EBA expression could
be related to maturation of the BBB. An enriched environ-
ment was taken into consideration because of its neuropro-
tective effects in several brain pathologies (14).
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Materials and Methods

Animals and Surgical Procedures

Experiments were performed on Long-Evans rats (Charles
River) close to the beginning of the critical period (P18).
Animals were anesthetized with avertin (1 ml/100 g) and a
sagittal incision was made midway between the eyes. First,
the skin was retracted and then the periostium. A subcutane-
ous pocket was made in the animal’s back, into which the
osmotic mini-pump was placed (Mod. 1007 D, Alzet). The
infusion kit (Mod. Alzet Brain Infusion Kit III, Alzet) was
fixed with cyanoacrylate to the skull. The cannula was
implanted 1 mm lateral to lambda in left visual cortex and
positioned in middle cortical layers. VEGF (Santa Cruz
Biotechnology) was administered (25 ng/ml at a delivery
rate of 0.5 ul/h in ten animals (five rats raised in standard
conditions and five rats in an enriched environment) (Fig. 1).

Total operating time was approximately 25 min. After sur-
gery, food and water were provided ad libitum. Mini-pumps
were left in position for one week. All animal experiments
were performed in accordance with the European Community
Council Directive of 24 November 1986 (86/609/EEC).

The following groups were used:

(a) Rats raised in a standard laboratory cage with 12 h light/
dark cycle.

(b) Rats raised in an enriched environment (EE), in a large
cage (720 x 550 x 300 mm) with 12 h light/dark cycle and
furnished with colorful toys and differently shaped objects
(shelters, tunnels) that were changed every 2 days.

To study the effects of endogenous VEGF inhibition, we
administered anti-VEGF (25 pg/ml; Santa Cruz Biotech-
nology) to another five rats. Untreated rats were used as
control.

Fig.1 Schematic representation of mini-pump implantation. (1) Cavity
around the cannula. (2) Surrounded concentrically by a damaged region
and a transitional penumbra-like region (3). (4) Undamaged tissue
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Fixation and Tissue Processing

Rats were anaesthetized with 6% chloral hydrate. After anes-
thesia, the cannula was removed and the animals were tran-
scardially perfused with a 4% paraformaldehyde fixative
solution. Following perfusion, brains were removed and stored
overnight at 4°C in fresh fixative solution. The next day, a thick
block of occipital cortex containing the visual area including
the cannula placement was coronally cut with a Rodent Brain
Matrix (Electron Microscopic Sciences), rinsed in cold PBS
for 4 h and embedded in paraffin. The paraffin block was serially
cut with a microtome into 4 wm slices and mounted on slides
coated with APES (3-aminopropyltriethoxylane).

Immunohistochemistry

Paraffin sections were immunostained for Endothelial Barrier
Antigen (EBA; Sternberger Monoclonals, 1:2,000). Parallel
slices were stained with Haematoxilin-Eosin to identify the
damage around the cannula. Paraffin was removed from the
tissue by xylene immersion and the tissue was rehydrated.
Endogenous peroxidase activity was blocked with 4% H,O,/
methanol for 20 min. Sections were kept in a Tris buffer at pH
7.4, and then incubated for 30 min at 37°C in Trypsin 0.1%
CaCl, for antigen retrieval. Sections were incubated over-
night with primary antibody. Biotinylated secondary antibody
was used and revealed by ABC complex (Elite ABC, Vector
Laboratories) using diaminobenzidine (DAB 0.25 mg/ml) as
a chromogen. Sections were lightly counterstained with
haematoxylin and finally dehydrated and covered. Some
sections were used to co-localize Glucose Transporter 1
(GluT-1) and EBA antigens. These sections were incubated
overnight with the aforesaid EBA primary antibody and with
GluT-1 (Millipore, 1:1,000). Afterwards the following fluoro-
chrome-conjugated secondary antibodies were used: goat
anti-mouse Alexa Fluor® 488 and goat anti-rabbit Alexa
Fluor® 568 (Invitrogen, 1:400). For all methods, negative
controls in which the primary antibodies were omitted were
included in each staining run. Images were acquired for con-
focal fluorescence microscopy with an Olympus Fluoview
FV500 confocal microscope using sequential acquisition to
avoid overlapping of fluorescent emission spectra.

Histopathological Analysis

A qualitative histopathological analysis was performed on
paraffin sections. The extension of the cavity and the gen-
eral tissue damage was evaluated on sections stained with
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haematoxylin-eosin. The integrity of the BBB was evaluated
with EBA and GluT-1 immunohistochemistry.

Results

Mini-pump implantation produced a cavity around the can-
nula that was surrounded concentrically by a damaged region
and a transitional penumbra-like region (see schematic in
Fig. 1). The cavity produced in anti-VEGF infused rats was
wider than in VEGF-infused rats. In VEGF-infused rats
there was a damaged region around the edge of the infusion
track which appeared to be smaller in rats raised in an EE. In
contrast, this region seemed to have disappeared with anti-
VEGEF treatment, where we found a clearly defined border.
The damaged region was present in VEGF-infused rats
but not in the rest of the experimental groups. In addition, the
penumbra-like transitional area was wider in VEGF-infused

rats than in anti-VEGF rats, while the combination of VEGF
infusion and an EE showed a narrower transitional area.

Our results also showed that the administration of VEGF
induced a high concentration of plasma proteins in the
neuropil around the point of cannula placement, as well as a
high inflammatory reaction. By contrast, the administration
of VEGEF carried out in rats raised in an EE induced a lower
degree of extravasation and the tissue was better preserved.
The neutralization of VEGF administration produced a lower
protein expression and a wider deterioration of tissue integ-
rity than was shown with VEGF administration.

Double immunofluorescence (Fig. 2) showed that EBA
expression remained absent near the point of cannula place-
ment both in anti-VEGF infused (2b) and VEGF-infused
(2f) rats. In addition, in VEGF-infused rats reared in an EE
we observed an obvious positivity for EBA near the point of
cannula placement (2j), which indicated that the damaged
region was diminished. GIuT-1 positivity was detected in all
experimental groups (2c, 2g, 2k). Whereas positive vessels

Fig.2 Anti-VEGF infused rats (a), VEGF-infused rats (e) and VEGF-infused rats reared in an EE (i). Confocal images of immunofluorescence
for EBA (b, f, j) and GluT-1 (c, g, k). Double immunolabeling for EBA and GluT-1 (d, h, 1). Scale bar = 100 pm
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were close to the cavity in VEGF-EE rats and in anti-VEGF
infused rats, a negative area was found in VEGF-infused rats
that corresponded geographically to the damaged region
found surrounding the lesion with conventional histology.

Discussion

Our results suggest that VEGF administration induces an
increase in permeability but paradoxically some degree of
BBB integrity is maintained. In addition, we observed a
significant difference between rats raised in standard condi-
tions and rats raised in an enriched environment. Although
in both cases VEGF induced an increase of permeability,
protein expression was lower in EE rats and the tissue pres-
ervation was better. The results suggest that the increase of
permeability induced by VEGF can be considered as a phys-
iological BBB opening which acts as a protective factor
against necrosis of the tissue. This fact is supported by the
positivity of GluT-1, which accompanies the increase in
vascular permeability indicated by high protein presence in
the neuropil of VEGF-infused animals.

The synergistic effects of an EE and VEGF administra-
tion could be explained by the fact that when endogenous
VEGF is neutralized, the damaged area is lost; in contrast,
VEGEF infusion helps to preserve this area, although with a
restriction of functionality reflected by the loss of barrier
markers. When an EE is combined with VEGF treatment,
the surrounding tissue remains functional, and acquires the
characteristics of the transitional tissue, recovering a physi-
ological pattern closer to that of the cavity.

Some authors have studied the post-traumatic effects of
VEGF administration and inhibition in adults, where only a
negligible level of endogenous VEGF secretion remains
(21), reporting that VEGF plays an important role as an
endogenous cytoprotective molecule. The authors maintain
that VEGF induces both BBB permeability and inflamma-
tion on a dose-dependent basis (6).

Previous studies have posited the EBA as a specific marker
for the BBB in rats, linking its expression with the functional-
ity of the barrier (13), since a decrease in EBA positivity has
been reported in pathological conditions where the adminis-
tration of an anti-EBA antibody resulted in increased perme-
ability of brain microvessels (9). Nevertheless, most of this
research has been performed in adults, at an age in which
under normal conditions physiological VEGF levels are quite
low. In addition, our previous research showed that at the
beginning of the critical period, a significant percentage of
cortical vessels have a BBB that does not seem to be fully
mature, as 27% of brain capillaries lack EBA positivity (2).

We also examined the expression of another component
of the BBB, the Glucose transporter GluT-1, which has been
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shown to remain even when pathological alterations of the
barrier promote changes in EBA expression (2).

Despite the general belief that the young brain is more
resilient to injury than the adult brain, lesions at early ages
often produce more severe effects than equivalent lesions in
adults, or evolve in a completely different way (16). Clinical
experience suggests that injury to the immature brain can
result in abnormal development and long-standing neurobe-
havioral impairment (10), even if there is little evidence of
morphological damage (11).

The combination of an enriched environment and VEGF
infusion shows a better recovery of the tissue surrounding
the lesion. An enriched environment has been proposed for
treatment of several types of brain damage because among
other effects, its angiogenic and anti-apoptotic effects could
tip the balance for the insulted cells in the transitional pen-
umbra area towards survival instead of towards death.
Another fact that could contribute to neuroprotection is the
acceleration of cortical maturation induced by an EE (3,5).
A higher degree of maturation could diminish the spread of
brain edema, minimizing the consequences of the injury.

Blocking VEGF induces a lower degree of barrier open-
ing that could be considered a break of the barrier structure,
with more deleterious consequences for the surrounding tis-
sue. Notably, this opening is necessary in order to maintain
the physiological function of the cortex. Our results also
show that the behavior of the repair mechanisms observed is
quite similar to that in adults. Further studies should focus
on the functional consequences of brain injury in the visual
cortex at the beginning of the critical period and the potential
role of VEGF in recovery from injury in immature brains.
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Alterations in Blood-Brain Barrier Function and Brain Pathology
by Morphine in the Rat. Neuroprotective Effects of Antioxidant

H-290/51

Hari Shanker Sharma, Per-Ove Sjéquist, and Syed F. Ali

Abstract The possibility that stress associated with mor-
phine administration or withdrawal will influence the blood—
brain barrier (BBB) dysfunction, brain edema formation and
brain pathology was examined in a rat model. Repeated daily
administration of morphine (10 mg/kg, i.p.) resulted in drug
dependence in rats on the 6th day and onwards. The BBB
permeability to Evans blue albumin (EBA) and radioiodine
(BUJodine did not alter during morphine dependence up to
the 12th day. On the other hand, spontaneous withdrawal
of morphine on day 1 resulted in profound stress symptoms
and breakdown of the BBB to protein tracers in several brain
regions. This increase in BBB to protein tracers was most pro-
nounced on the 2nd day of morphine withdrawal. These rats
also exhibited marked brain edema and abnormal neuronal
and glial cell responses. Pretreatment with an antioxidant
H-290/51 markedly attenuated the BBB dysfunction, brain
edema formation and brain pathology during morphine with-
drawal phases. These observations suggest that psychostimu-
lants and associated oxidative stress are capable to induce
brain pathology through modifying the BBB function.

Keywords Morphine withdrawal ¢ brain edema ¢ blood—
brain barrier ¢ oxidative stress ® H-290/51 ¢ glial fibrillary
acidic protein * neuronal damage * neuroprotection
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Introduction

Psychostimulants such as morphine and methamphetamine
induce profound hyperthermia and brain dysfunction (11,
13, 15, 19). However, their role in blood-brain barrier
(BBB) disruption, brain edema formation and brain pathol-
ogy is still unclear. Experiments carried out in our labora-
tory show that methamphetamine-induced hyperthermia
appears to be crucial in BBB breakdown to protein tracers
and brain dysfunction (6, 19). Since morphine is a well-
known hyperthermic agent that also induces dependence,
thus withdrawal of morphine results in profound stress
symptoms (see 11, 16, 19). Previous reports from our labo-
ratory have shown that the state of BBB permeability in
morphine induced dependence and withdrawal is compro-
mised (13, 15, 18, 19). However, the detailed mechanisms
of BBB dysfunction in morphine dependence or during
withdrawal are not known. Since breakdown of the BBB
function is associated with brain edema formation and cell
injury (16), the possibility exists that morphine dependence
and withdrawal response will induce brain pathology via
opening of the BBB permeability.

There is reason to believe that psychostimulants includ-
ing morphine may alter the oxidative balance in the brain
causing generation of free radicals and lipid peroxidation
(9). Thus, it is likely that increased oxidative stress may lead
to BBB dysfunction and brain edema formation leading to
cell injury (15, 22). To test this hypothesis, in the present
investigation, we used a potent inhibitor of lipid peroxida-
tion, H-290/51 (23) in morphine dependent rats and during
various phases of morphine withdrawal, and examined the
BBB breakdown, edema formation and cell injury. Our
results show that oxidative stress significantly contribute to
morphine induced BBB dysfunction, brain edema formation
and brain pathology.
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Materials and Methods

Animals

Experiments were carried out on inbred Male Charles
Foster rats (200-250 g) housed at controlled ambient tem-
perature (21 + 1°C) with 12 h light and 12 h dark sched-
ule. Food and water were supplied ad libitum before the
experiments.

Morphine Administration and
Development of Dependence

Morphine Sulphate (Sigma Chemical Co., USA, 10 mg/kg,
s.c.) was administered once daily at 8:00 a.m. for 12 days
to induce morphine dependence (see 19). These animals
developed profound tolerance from the 4th day and onwards
(11, 19, 22).

Morphine Withdrawal

On day 12, morphine administration was stopped and the
animals were observed for the development of spontaneous
withdrawal symptoms, which normally occurred 12 h and
onwards from cessation of morphine administration (18,
19). These animals were observed for withdrawal symp-
toms 24 and 48 h after termination of morphine administra-
tion (18, 22).

H.S. Sharma et al.

Treatment with H-290/51

In aseparate group of rats, H-290/51 (Astra-Zeneca, Molndal,
Sweden) was administered (50 mg/kg, p.o.) in morphine
dependent rats on day 12, and in another group of rats, the
compound was administered on day 1 or day 2 of morphine
withdrawal (see Tables 1 and 2) (22).

Physiological Variables

Mean arterial blood pressure (MABP), heart rate, respira-
tion, arterial pH and blood gases were determined using
standard procedures as described earlier (13).

Blood-Brain Barrier Permeability
and Brain Edema Formation

The blood-brain barrier (BBB) permeability to Evans blue
albumin and "*"Jodine was examined as described earlier
(13). The brain water content was used to calculate edema
formation and volume swelling (20).

Brain Pathology

Paraffin embedded brain tissues were used to evaluate neural
changes using Haematoxylin and Eosin or Nissl staining and
glial changes using immunohistochemistry of glial fibrillary
acidic protein (GFAP) on 3 um thick paraffin sections (20-22).

Table 1 Effect of H-290/51 on morphine dependence and withdrawal on stress symptoms

H-290/51 Morphine dependence Morphine withdrawal

+Control 12th day H-290/51 24h H-290/51 48 h H-290/51
Parameters Control +12th day +24 h +48 h
Stress symptoms n==6 n==6 n=12 n=6 n=14 n==6 n=16 n=>5
Wet-shakes Nil Nil Nil Nil 8+3 2 £ 2# 62 2+ 24#
Piloerection Nil Nil Nil Nil -+ +++ ++++ +++
Writhing Nil Nil Nil Nil +++++ +++ ++++ +++
Teeth chattering Nil Nil Nil Nil +++++ +++ 4+ +++
Diarrhoea Nil Nil Nil Nil 4+ +++ +++ +++
Aggressive behaviour Nil Nil ? Nil +++++ +++ +++++ +++
Microhaemorrhages Nil Nil 12+8 4+ 24 68 +18 6012 85+ 14* 8012

in stomach

Values are mean + SD; a = Many microhaemorrhages; # = significantly different (P < 0.05) from Morphine withdrawal 24 h; +++ = mild, ++++ =

moderate, +++++ = severe, ? = unclear, Nil = absent.
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Statistical Analysis

ANOVA followed by Dunnet’s test was used to evaluate sta-
tistical significance of the data obtained from one control
group. A p-value <0.05 was considered significant.

Results

Effect of H-290/51 on Morphine Withdrawal
Symptoms and Physiological Variable

Morphine administration resulted in dependence from the
4th day and onwards (Sharma et al. 2004 (19)). On day 12, the
morphine dependent animals showed a pronounced increase
in heart rate, respiration, body temperature and MABP
(control group) (Table 2). Pretreatment with H-290/51 mark-
edly attenuated these changes (Table 2) in the morphine
dependent animals; however, the compound was unable to
restore these physiological values as seen in control group
(Table 2). At postmortem, the microhaemorrhages in the
stomach wall in H-290/51 treated morphine dependent ani-
mals were considerably reduced compared to the untreated
morphine dependent rats (Table 1).

Morphine withdrawal further aggravated these physio-
logical variables and body temperature changes on day 1 and
2 (Table 2) that was considerably attenuated by H-290/51
treatment. Likewise, the behavioral changes seen on day
1 and day 2 of morphine withdrawal (Table 1) were also
considerably reduced by prior treatment with H-290/51
(Table 1).

Effect of H-290/51 on Morphine Withdrawal
Induced Blood-Brain Barrier Permeability

Morphine dependence in rats significantly reduced the Evans
blue and radioiodine permeability in the brain compared to
control group (Table 2). Pretreatment with H-290/51 mark-
edly restored the BBB function to these tracers to near normal
values (Table 2).

On the other hand, morphine withdrawal markedly incr-
eased the penetration of these protein tracers into the brain
on day 1 that was further aggravated on day 2 of morphine
withdrawal (Table 2): Pretreatment with H-290/51 signifi-
cantly attenuated the leakage of tracers across the BBB on
day 1 or 2 following withdrawal (Table 2): However the
BBB permeability to Evans blue and radioiodine remained
higher from the control groups in H-290/51 treated morphine
withdrawal rats (Table 2).

H.S. Sharma et al.

Effect of H-290/51 on Morphine Withdrawal
Induced Brain Edema Formation

The brain water content was significantly reduced in mor-
phine dependent rats on day 12 compared to the control rats.
This reduction in brain water content was partially restored
by pretreatment with H-290/51.

However, morphine withdrawal resulted in a progressive
increase in brain water content on day 1 and 2 compared to
control groups (Table 2) that was significantly reduced by
pretreatment with H.290/51 (see Table 2). However, the
brain water content still remained higher than in the control
group following morphine withdrawal in H-290/51 treated
groups (Table 2).

Effect of H-290/51 on Morphine Withdrawal
Induced Cell Changes

Pronounced neuronal and glial cell changes are seen in
morphine dependent rats on day 12 compared to the control
group (Fig. 1). These cell changes and astrocytic reactions
were much more pronounced following morphine withdrawal
on day 1, which was further aggravated on day 2 (Fig. 1).
Pretreatment with H-.290/51 significantly reduced these cell
changes either caused by morphine dependence or with-
drawal (results not shown).

Discussion

The present results are the first to show that morphine with-
drawal is associated with brain edema formation and
pretreatment with the potent antioxidant compound H-290/51
is antiedematous in nature. This indicates that psychostimu-
lants induce oxidative stress that could be instrumental in
brain edema formation and subsequent brain pathology.
Morphine is well known to induce proinflammatory
cytokines including interleukin-1b, interleukin-6 and tumor
necrosis factor-a via acting through micro-receptors in the
brain and spinal cord (4, 5, 7). An increased concentration of
these cytokines in the CNS following morphine treatment
may act to inhibit the analgesic effects of the opioid causing
dependence (3). Furthermore, these cytokines may exert
their cytotoxic effects to induce neurotoxicity (7, 8). It appears
that stress caused by morphine withdrawal may further
augment the release of these cytokines leading to enhanced
neurotoxicity (1). Thus, the neuronal and glial cell changes
seen during morphine dependence are further aggravated
following morphine withdrawal which is in line with this
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a Nissl Stain

H&E Stain

Fig. 1 Structural changes in the brain at light microscopy in rats
following morphine dependence (day 12; MD12) and after its sponta-
neous withdrawal. (A) Nissl stained paraffin sections (3 um thick) from
rat brain passing through piriform area (=3.70 mm from bregma) shows
marked selective nerve cell damage following 1 day after morphine
withdrawal (MWD1; arrows, a). The magnitude and intensity of nerve
cell damage appear to be increased following second day of morphine
withdrawal (MWD2; arrows, b). Haematoxylin and eosin (H&E)
stained 3 wum thick paraffin sections passing through hippocampus
(=3.25 mm from bregma) showing CA-1 subfield from rats following
morphine withdrawal (day 1, ¢ and day 2, d). Specific cell damage
(arrows) is clearly visible in the hippocampal CA-1 layer. Sponginess
and edema (*) are clearly evident. The magnitude of cell damage is
much more intensified on the second day of morphine withdrawal.
(B) Structural changes in the choroid plexus of right lateral cerebral

hypothesis. Since oxidative stress alone could result in the
release of cytokines (1, 19, 22), blockade of lipid peroxida-
tion in morphine dependent animals or during the spontaneous
withdrawal phase is likely to reduce the cytokines neurotox-
icity. Our results with H-290/51 are in agreement with this
idea. Thus, pretreatment with a potent antioxidant compound
H-290/51 (15, 22) significantly attenuated morphine-induced
neurotoxicity during morphine dependence as well as follow-
ing morphine withdrawal (Table 2).

Alteration in fluid microenvironment of the brain and an
enhanced passage of protein tracers across the BBB would
lead to brain edema formation (10—12). Water transport across
the cerebral microvessels from blood to brain will lead to brain
swelling and from brain to blood will induce brain shrinkage
(2, 19). In both cases the BBB is compromised. Thus, mor-
phine treatment leading to dependence resulted in a decrease
in the BBB function leading to slight reduction in brain water

Nissl Stain

ventricle from one morphine dependent (MD 12, a) and one morphine
withdrawal rat (MWD1, b). Paraffin sections passing through right lat-
eral ventricle (—0.83 mm from bregma) shows degeneration of choroid
plexus epithelial cells and the ependymal cell lining (arrow heads, a).
The degenerating changes in the choroid plexus are much more marked
in rats subjected to spontaneous morphine withdrawal following 1 day
(MWD, b) indicating breakdown of the blood—CSF barrier (for details
see text). Paraffin section passing through the mesencephalic reticular
nucleus (=7.10 mm from bregma) show many damaged nerve cells
(H&E stain, arrows), sponginess and edema (¥) on the second day
of spontaneous morphine withdrawal in dependent rats (MWD?2, c¢).
In morphine dependent rats on the day 12 (MD 12, d) damage to
hippocampal dentate granule cells (—4.20 mm from bregma) are clearly
visible (Nissl stain, arrows). Bars: A = 25 um; B = 30 um (modified
after 19)

content (13, 19, 22). On the other hand, morphine withdrawal
resulted in profound increase in the BBB permeability to pro-
tein tracers and led to marled accumulation of brain water
content (see 19). Interestingly during these two opposite
phases, neurotoxicity was evident in both neuronal and in glial
cells. Degeneration of choroid plexuses seen during morphine
dependence and withdrawal phases is in agreement with this
hypothesis (14, 17). Obviously, degeneration of choroid epi-
thelial cells will affect the transport of tracers and substances
between blood and CSF and vice versa (14). Similar mecha-
nisms may also exist in brain endothelial cells, a subject that
is currently being investigated in our laboratory.

Pretreatment with H-290/51 markedly restored the BBB
function and brain water during morphine dependent animals
suggest that oxidative stress caused by morphine dependence
is influencing the BBB function and brain shrinkage (15, 21).
On the other hand, significant decrease in BBB permeability
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and brain edema was achieved by H-290/51 during morphine
withdrawal phase and suggests that oxidative stress plays an
important role in withdrawal stress induced BBB breakdown
and brain edema formation (see 6, 13, 18, 19). Obviously,
leakage of tracers across the BBB, i.e., from blood to brain
or from brain to blood will alter brain fluid microenviron-
ment and induce neurotoxicity. Partial restoration of BBB
dysfunction by drugs, e.g., antioxidant H-290/51 will thus
enhance neuroprotection.

Taken together our results are the first to show that mor-
phine dependence and withdrawal phases are associated with
brain shrinkage and swelling, respectively, that could lead to
brain pathology. Furthermore, oxidative stress appears to
play important roles in psychostimulant dependence and
withdrawal. Thus, antioxidant compounds, e.g., H-290/51
may have pronounced neuroprotective efficacy that could be
of immense clinical value in future.
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Clinical Proof of the Importance of Compliance for Hydrocephalus

Pathophysiology

Michael Kiefer and Regina Eymann

Abstract

Introduction Recently decreased compliance is discussed
as an initially disturbed CSF hydrodynamic parameter in
hydrocephalus.

Materials and Methods In 180 patients with suspected chronic
hydrocephalus we performed a dynamic infusion test, which
was not used for shunt indication. Shunt indication was based
on long-term ICP monitoring. Follow-up was 4.6+ 1.8 years.
Statistics: Spearman-, Kruskal-Wallis-, Wilcoxen-U-test.

Results Resistance to outflow (Rout) and Pressure Volume
Index (PVI) alone provide positive predictive values (PPV)
and sensitivity, which might be sufficient in daily practice,
while negative predictive values (NPV) and specificity are
weak. With an intelligent combined algorithm of Rout and
PVI at a critical value of ROF of 13 mm Hg/mlx min and
30 ml, a clearly improved outcome prediction is possible.

Conclusion These clinical results support recent opinions
concerning the meaning of Compliance and Rout in hydro-
cephalus patho-physiology.

Keywords Hydrocephalus ¢ shunt ¢ outcome ¢ normal
pressure hydrocephalus ¢ iNPH e resistance to outflow
* Rout * Compliance ® PVI ¢ CSF hydrodynamics

Introduction

Since the introduction of tests to measure cerebrospinal fluid
(CSF) hydrodynamics (e.g. Resistance to outflow (Rout),
Compliance (C) and Pressure Volume Index (PVI)) in the past
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Germany

decades, the value of hydrodynamics for the outcome predic-
tion of potential shunt candidates, especially when suffering
from idiopathic normal pressure hydrocephalus (i-NPH), has
been controversially discussed (6-9, 11, 15, 19, 20). In com-
municating hydrocephalus with defective CSF absorption, as
supposed underlying pathology, only Rout and not Compliance
or PVI has been studied routinely in the past.

Some milestone contributions with modern flow-sensi-
tive techniques of magnetic resonance imaging (MRI) have
proposed a quite different hydrocephalus pathophysiology,
with decreased compliance as the initial disturbed hydro-
dynamic parameter, interpreting Rout elevation solely as
an epiphenomenon (1-3, 12). Against the background of
this convincing, revolutionary new understanding of hydro-
cephalus, a clarification of the value of compliance or PVI
for shunt indication was lacking. In this prospective study
we aimed to perform a comparative analysis of the value of
all available hydrodynamic parameters for selecting shunt
responders.

Materials and Methods

Patients, Indication Policy, Follow-Up
and Documentation

In a total of 180 patients with suspected chronic hydrocepha-
lus, intracranial pressure (ICP) was measured for 48 hours
using an intraventricular Spiegelberg III probe connected to a
personal computer with specific software for ICP analysis (14).
Furthermore, directly after the Spiegelberg III probe insertion,
CSF dynamics were measured using the hydrodynamic model
of the Dynamic infusion test (16). Shunt indication was based
on long-term (overnight) monitoring of ICP. The hydrody-
namic study was performed independently from the results of
overnight monitoring. Furthermore the team that performed
the infusion study had no knowledge of the results of overnight
monitoring and had no influence on the decision whether
shunting was performed in the studied patients or not.

Z. Czernicki et al. (eds.), Brain Edema XIV, Acta Neurochirurgica Supplementum Vol. 106, 69
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Shunting was indicated in all patients with basal mean
ICP > 20 mm Hg. Furthermore, all patients who presented
with a minimum of 50% B-wave activity during the entire
monitoring time were considered as shunt candidates if dur-
ing 20% of the monitored time the B-wave amplitude
exceeded 10 mm Hg. Patients who were not selected for
shun-ting according to this protocol were excluded from the
study, leaving a total of 126 patients for the analysis. We
analyzed the CSF dynamics in excluded patients: if Rout
exceeded 13 mm Hg / ml x min, they were shunted but
excluded from the study. Eighty-four (56 &, 28 @) patients
suffered from iNPH, secondary normal pressure hydroceph-
alus was diagnosed in 11 patients (5 &, 5 Q) and 31 (12 &,
19 Q) had other forms of chronic hydrocephalus. To be
included in the study, patients had to present at least 2 symp-
toms of Hakim’s triad and/or signs of intracranial pressure
(ICP) elevation (e.g. headache, papilla prominence with
visual disturbances etc.), while ventricular wide had to
exceed an Evans Index of 0.3. Clinical state and state of
comorbidity were meticulously assessed preoperatively,
and for any documentation we used our clinical grading
(KI) and the Recovery-Index (RI) (17). Patients were termed
“shunt responder” if RI was >3 at the time of the last follow-
up examination. Follow-up examinations included cerebral
computertomography (CCT) and meticulous clinical exami-
nation. They were performed 2 and 12 months and thereafter
annually after shunting. The minimal follow-up was for 1
year and the average follow-up was for 4.6+1.8 years
(range: 1-11 years).

Shunt Hardware

All patients were provided with ventriculo-peritoneal (VP)
adjustable or non-adjustable gravitational shunts. We used
the Aesculap-Miethke Shunt Assistant (Miethke KG,
Potsdam, Germany) combined with adjustable Aesculap-
Miethke PRO-GAV valve in 20 patients and combined with
the adjustable Codman-Hakim (Codman, Johnson and
Johnson, Boston, MA, USA) valve in 36 patients with an
initial setting of the adjustable valves between 50 and 120
mm H,0. The Aesculap-Miethke Dual-Switch valve
(Miethke KG, Potsdam, Germany) and the Aesculap-
Miethke Gravity-Assisted-Valve were used in 43 and 27
patients, respectively.

Statistics

Mann—Whitney U, Spearman, Kruskal-Wallis, ANOVA and
x>-tests at a significance level of p<0.05 were used.

M. Kiefer and R. Eymann

Results

The overall shunt response rate was 84%. Patients with iNPH
performed slightly worse compared with other chronic
hydrocephalus forms (non-iNPH), with response rates of
81% and 92%, respectively. An excellent, good, fair, tran-
sient and poor outcome was found in iNPH and non-iNPH in
43%, 23%, 10%, 4%, 15% and in 52%, 21%, 14%, 0%, 8%
of cases, respectively. However, neither when comparing the
outcome of i NPH and non-iNPH using the Recovery Index
nor when dichotomizing (Responder vs. Non-Responder)
did these outcome differences between both compared types
of hydrocephalus reach significance (p = 0.072, p = 0.189).

Predictive Value Confined to Rout Exclusively

The dynamic infusion test provides ICP dependent Rout
values. The following analyses deal with average Rout values,
which were calculated for all ICP values between resting and
highest ICP. The overall average Rout was 20+8 mm Hg/
ml x min. In iNPH, sNPH and all other chronic hydro-
cephalus forms, Rout did not differ widely, with values of
22+8 mm Hg/ml X min, 17 £ 4 mm Hg/ml x min and 23 +9
mm Hg/mlx min, respectively (p=0.141). Despite a certain
trend, Rout did not increase clearly with age (p=0.186).
A tendency of higher Recovery Index, as a measure of clin-
ical benefit, was obvious at higher Rout values but signi-
ficant better correlations were not found when comparing
thresholds of 13 mm Hg/ml x min and 18 mm Hg/mlx min
respectively (p=0.815, p=0.923). However, when dichot-
omizing the clinical results and comparing shunt responder
vs. non-responder, Rout>13 mm Hg/ml x min and Rout >
18 mm Hg/ml x min significantly correlated with outcome
(p<0.000, p=0.05). We also tried to find whether median,
lowest, or highest values; or the range between lowest and
highest Rout values correlated more stringently. None of the
computed correlations reached improved accuracy of out-
come prediction than the average Rout values used. Given
the option that the dynamic infusion test provides CSF
hydrodynamic data for any ICP value between resting (PO)
and highest ICP during the infusion test, we tried to find an
ICP range (low ICP range: PO-20 mm Hg, medium ICP
range: 20-30 mm Hg, high ICP range: >30 mm Hg) which
might be more relevant for outcome prediction, but again,
the precision of outcome prediction could not be increased
in this way compared to that for the average Rout value of a
given patient. Overall, 89 patients had Rout>13 mm Hg/ml
x min, while the threshold of 18 mm Hg/mlxmin was
exceeded in only 63 patients, leaving at least 30% and 50%
patients, who would have been not shunted according to
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Table 1 Values indicating the quality of Pressure Volume Index (PVI) and Resistance to outcome (Rout) or a combined regard of both (with
logical “AND” or “OR” combination) for predicting outcome after hydrocephalus shunting at different thresholds (PPV = positive predictive
value, NPV = negative predictive value). For reasons of clarity, not all examined combinations at any threshold are illustrated

Thresholds/algorithm Accuracy (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)
PVI<22 ml (n=81) 67 70 56 85 33
PVI<30 ml (n=107) 79 90 35 84 47
Rout> 13 mm Hg/ml x min (n=89) 75 86 59 84 54
Rout>18 mm Hg/ml x min (n=24) 59 59 59 60 57
PVI<30 ml AND Rout>13 mm Hg/ 75 74 49 96 36
mlxmin (n=81)
PVI<30 ml OR Rout>13 mm Hg/ 93 96 74 95 78

mlxmin (n=115)

these results (Table 1). Of those patients, who would have
been not shunted if Rout had been chosen for shunt indica-
tion, 46% (threshold Rout> 18 mm Hg/ml x min) and 43%
(threshold Rout>13 mm Hg/ml x min) responded to shunt-
ing with the given indication protocol, respectively (indi-
cates the low negative predictive value of Rout).

Predictive Value Confined to PVI Exclusively

Similar as for Rout, we initially examined the average val-
ues of all measured PVI values between PO and the highest
reached ICP during the infusion test. The lowest and high-
est measured average PVI were 5 and 49 ml, respectively.
On average, all patients had a mildly decreased PVI (20+9
ml), which significantly increased with age (p=0.012). In
contrast, the PVI values between the different types of
hydrocephalus (iNPH: 19+7 ml; sNPH: 21 +9 ml; others:
23+12 ml) were quite similar (p=0.255). The dynamic
infusion test is the only available CSF hydrodynamic test
where the computation of PVI is independent of ICP. We
found a striking decrease of PVI with increasing ICP
(p<0.00038) and a logarithmic approximation was most
suitable. Despite PVI tending to become lower with
increasing Rout, both CSF hydrodynamic values did not
correlate (p=0.178).

Recovery Index and PVI did not correlate (p=0.860), but
after dichotomizing the clinical outcome (Responder vs.
Non-Responder) the shunt responder rate was clearly higher
in patients with PVI below both examined thresholds (<22,
<30 ml) than in patients with higher PVI levels (p=0.042,
p=0.014).

Overall, at a critical level of 30 and 22 ml, 19 and 45
patients would have not been shunted if PVI alone would
have been used for shunt indication. Yet 52% and 67%, of
these patients, who would have been not shunted if PVI
would have been used for shunt indication presented with
substantial clinical benefit (Table 1).

Predictive Value of Combined Consideration
of Both CSF Hydrodynamic Parameters

These figures clearly demonstrate that a non-negligible
number of patients, who might have benefited from shunting,
would be lost using solely Rout or PVI for shunt candidate
selection. We accordingly analyzed whether a combined con-
sideration of both hydrodynamic parameters provides a more
precise outcome prediction. At different critical values
(Rout>13 or >18 mm Hg/mlxmin, PVI<22 or <30 ml), all
given combinations have been calculated for their predictive
potency using logical “AND” and logical “OR” combina-
tions. Rout at a critical value of >13 mm Hg/mlxmin and
PVI at a critical value <30 ml, together with a logical “OR”
combination, clearly provides the best outcome prediction
(Table 1). Out of all combinations, this was the only one with
an accuracy >90% at excellent sensitivity, with PPV and NPV
each exceeding 90%; only specificity was a bit lower.

Discussion

Recently flow-sensitive sequences of MRI have provided new
in vivo findings of intracranial CSF flow dynamics in hydro-
cephalic patients, which gave reason for a new hypothesis of
hydrocephalus pathophysiology (1-3, 12). In brief, the key
issues of this new hypothesis are as follows: at reduced cran-
iospinal compliance the systolic capacitive “storage of blood”
in the large arteries of the Circulus Willisii is hindered and the
phenomenon known as the “Windkessel” effect does not func-
tion properly. We, however, propose to consider arterial
arthrosclerosis, which is prevalent in more than 50% of
patients shunted for iNPH (4), as an additional scenario
impairing the Windkessel effect, but necessitating non-low-
ered cranio-spinal Compliance (C) initially. One conse-
quence of the impaired Windkessel effect is a lack of diastolic
blood flow and subsequent cerebral ischemia. More impor-
tantly however, systolic blood pressure peaks are not dampened
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but transferred to the cerebral capillaries; on the one hand
affecting the balance of pre- and postcapillary fluid exchange
between parenchyma and vessels and on the other hand induc-
ing stronger brain pulsation. The role of CSF absorption in
cerebral tissue has been widely debated, especially in hydro-
cephalus. Given that the pia and ependyma do not hinder free
fluid exchange between brain and surroun-ding CSF spaces,
elevated intracapillary pressure increases fluid secretion but
reduces fluid reabsorption. The latter must increase Rout,
which must not against this background be the primarily dis-
turbed CSF hydrodynamic parameter. The amplified pulsating
brain hits incompressible CSF on its inner and outer surface,
which, at the given frequency of pulsation, cannot be compen-
sated for by CSF evasion. Pascal’s and Laplace’s laws explain
that the inner (periventricular) brain surface is exposed to
higher forces than the outer brain surface. In this way, even in
communicating hydrocephalus, brain destruction must be
more distinct periventricularly. Moreover the intraluminal
pressure of superficial in contrast to deep brain veins is closely
coupled to ICP and craniospinal compliance. This damps the
consequences of amplified brain pulsation (brain destruction)
because compliance of the outer brain parenchyma increases
in this way. In contrast, the periventricular brain areas become
destructed significantly because the periventricular compli-
ance decreases strikingly due to the fact that the lacking cou-
pling of its venous intraluminal pressure to ICP effectuating
that inner brain veins are squeezed out with increased ICP. Yet
intraparenchymal veins' dimension strikingly affect local
compliance.

The weaknesses of Rout and many other ancillary tests
used for shunt indication were typically its low NPV and its
low specificity, and their meaning for shunt indication is
accordingly a matter of ongoing debate (5, 6, 8,9, 11, 13, 15,
19, 20). Supposing that the hypothesis of the role of compli-
ance for hydrocephalus pathophysiology holds true, out-
come prediction should benefit from additional attention to
compliance / PVI. How-ever, regarding Table 1, PVI alone
does not allow a more precise outcome prediction and exhib-
its similar weakness as Rout with low specificity and low

100% -+
80%
60% 1
40% 1

20% A

Shunt response rate in %

0% 1

Fig. 1 Shunt response rate depends
on measured PVI and Rout at the
most promising thresholds

PVI < 30 ml (n = 26)
Rout < 13 mm Hg / ml x min (n = 37)
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NPV. However, when regarding either Rout>13 mm Hg/
mlxmin “OR” PVI<30 ml as predictors, the predictive
value of CSF hydrodynamics become significantly better
(Fig. 1) with accuracy, sensitivity and PPV >90%, together
with specificity and NPV at 74% and 78%, respectively.

We have stressed that hydrocephalus due to Windkessel
impairment can occur without lowered cranio-spinal com-
pliance due to atherosclerosis, especially when regarding the
coincidence of iNPH and subcortical atherosclerotic enceph-
alopathy (SAE) (4, 5, 18). Windkessel impairment alone is
sufficient to elevate Rout in this way. Furthermore, it must be
kept in mind that hydrocephalus itself, but especially the
high prevalence of Alzheimer’s disease (AD) and/or SAE in
chronic hydrocephalus (4), induces brain involution with a
concomitant increase of compliance and PVI. Therefore, it is
not reasonable to assume that chronic hydrocephalic patients
must present with pathologically low compliance always,
but that even normal compliance can be pathological in
chronic hydrocephalus. Accordingly, we found the best pre-
dictive power when using a PVI threshold of 30 ml.

During early stage hydrocephalus, PVI can be reduced
significantly even before a significant increase of Rout can
be measured. In our cohort, patients with this constellation
were 92% successfully shunted. These patients would have
been lost when using Rout alone for shunt indication. The
vast majority of patients (63%) however had, as predicted
by the model, elevated Rout and PVI <30 ml at an excellent
shunt respondse rate of 98%. The third group, whose out-
come (shunt response rate: 8%) also fit excellently to the
proposed model, consisted of patients with PVI>30 ml and
low Rout. SAE or AD were probably chiefly responsible
for their worsening with hydrocephalus playing a subordi-
nated role, if at all. Most difficulties from the pers-pective
of outcome prediction exist in patients with elevated Rout,
but high PVI (>30 ml). The high compliance points at sub-
stantial brain involution which may be a consequence of
AD, SAE or extremely long persistent hydrocephalus,
while Rout elevation may be maintained by arterial arterio-
sclerosis only. Any of these preconditions indicates worse

PVI 2 30 ml (n = 11) PVI<30mI(n=81)| PVI =30 ml (n=8)

Rout =2 13 mm Hg / ml x min (n = 89)

|l Responder B Non-Responderl
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prognosis for shunt success; yet half of these patients expe-
rienced clinical improvement after shunting leaving some
question with regard on the supposed pathophysiological
model.

From our perspective, our clinical data substantiates the
concept of compliance reduction in hydrocephalus patho-
physiology. It has to be emphasized, however, that compli-
ance reduction may be present exclusively during very
early stages of hydrocephalus evolution. Compliance
increase is an inescapable consequence of persisting hydro-
cephalus or may come from concomitant atrophic brain
diseases (4). Further-more, the proposed model should
also consider Windkessel breakdown independent of
cranio-spinal compliance reduction due to arterial
arteriosclerosis.

Our comparatively high shunt response rate, especially in
iNPH (5, 13, 21), does not advocate the superiority of long-
term ICP monitoring and B-wave analysis even if, as in
this study, automated B-wave detection may be helpful (14).
Rather, our strict preselection according to the patients’ clini-
cal state and comorbidity (18) and the fact that our complica-
tion rate decreased dramatically with the usage of gravitational
shunt (17, 21) and antibiotic impregnated shunt catheters (10)
in these fragile patients may be responsible for our, — compared
with the literature, — high shunt responder rate.

Conclusion

Outcome prediction in chronic hydrocephalus can be signi-
ficantly improved when considering both compliance and
Rout. This may substantiate an important role of initially
decreased compliance during hydrocephalus evolution. Further
studies with a larger number of patients with critical CSF
hydrodynamic pattern of Rout<13 mm Hg/ml x min and
PVI<30 ml or Rout>13 mm Hg/ml x min and PVI>30 ml
will be necessary for sufficient scientific rigor.
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An Algorithm to Assess the Rehabilitation Potential in Patients

with Chronic Hydrocephalus

Michael Kiefer and Regina Eymann

Abstract

Objective In clinical practice, it is often necessary to judge
the probability of clinical benefit of invasive ancillary tests
given to patients with chronic hydrocephalus before they are
performed. The aim of the current study was to establish a
screening tool for such prediction.

Material and Methods A total of 125 patients with chronic
hydrocephalus were assessed using a clinical (HHS) and
comorbidity (CMI) grading. These patients were shunted
and followed-up for at least one year. The statistical tools
of ANOVA, CHI-squared, Spearman, Kuskal-Wallis, and
Wilcoxen-U-Test were applied.

Results The variables discovered to be of use in prediction
were age (p=0.02), anamnesis duration (p=0.04), CMI
(p<0.000) and HHS (p=0.001). A decision tree using solely
HHS and CMI was established allowing outcome prediction of
sufficient power. Interestingly, in patients who had favourable
preconditions, older age impeded not a favourable prognosis.

Conclusion With our proposed decision tree, a minimum of
data allow a clinician to sufficiently judge whether shunting
will be of benefit to a patient, which may help to decide
whether invasive ancillary tests are justified.

Keywords Hydrocephalus ¢ iNPH e shunt ¢ outcome
 comorbidity ¢ clinical state ¢ age
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Introduction

Patients suffering from chronic hydrocephalus such as idio-
pathic normal pressure hydrocephalus (iNPH) typically ask
for the chance to benefit from shunting before agreeing to
the ancillary invasive tests that may be necessary for shunt
indication in some. Yet a precise predictions of the patient’s
rehabilitation potency might be impossible without invasive
measures. With this background the therapist’s challenge is
to find a balance between the risks of ancillary tests on the
one hand and on the other hand a reliable answer on the
patient’s question of his/her individual capacity for rehabili-
tation after shunting. All invasive measures (e.g., tap tests
and CSF-hydrodynamic tests) have non-negligible compli-
cation rates. Recently, a 3.6% infection rate and even one
fatal case in 419 patients who underwent prolonged tap tests
were reported (9). Other invasive tests such as CSF hydrody-
namic tests, long-term ICP monitoring or simple diagnostic
lumbar punctures have some complicated risks too (1, 20).
The appraisal of shunt success solely by clinical symptoms
typically allows correct predictions in about 50% of patients
yet (16). Therefore, we aimed to establish an algorithm that
allows a more precise outcome prediction from the assess-
ment of clinical symptoms alone without the need of invasive
measures.

Material and Methods

A total of 125 adult patients suffering from iNPH (n=87;
mean age 67+16 years), secondary normal pressure hydro-
cephalus (sNPH) (n=15; mean age 63+ 18 years), and non-
communicating hydrocephalus (n=23; mean age 49+14
years) were studied for at least one year after shunting. Patients
with SNPH whose hydrocephalus related symptoms domi-
nated were excluded from the study. Similarly, patients with
tumor-associated, non-communicating hydrocephalus were
excluded. Shunt indication was based on CSF hydrodynamic
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studies and B-wave analysis. B-wave patterns were consid-
ered as pathological if B-waves occurred minimally during
50% of the total monitoring time (between 48 and 72 h) and if
B-waves had large amplitudes (>10 mm Hg) during 20% of
the monitored period. The cutoff level for pathological resis-
tance to outflow (Rout) to indicate shunting was 13 mm Hg/
ml xmin. Patients fulfilling minimally one criterion (increased
Rout or pathological B-wave pattern) were shunted using
adjustable or non-adjustable gravitational shunts. For clinical
documentation, we used our modified clinical grading (HHS),
Recovery-Index (RI) and Co-Morbidity-Index (CMI) (11).
Patients were regarded as shunt responders if RI>3 and/or if
(provided given handicap preoperatively) they improved by 2
points or more in the “gait/balance” area of HHS postopera-
tively. To rule out primary or secondary underdrainage, we
used the protocol proposed in the international guidelines
(12), with the exception that our first step of the workflow is
an “acetazolamide” test (6). If patients improved with azetazo-
lamide, they were diagnosed as underdrained, and shunt revi-
sion was performed. Shunt revision due to underdrainage or
other hydraulic mismanagement was not an exclusion crite-
rion, but the clinical state at least one year after successful
shunt revision was used for analysis. Only when underdrain-
age was definitively excluded as the reason for lacking
improvement after shunting, the patients were considered
“non-responders”. Clinical state evaluation and imaging were
performed preoperatively, 3 and 12 months postoperatively,
and annually thereafter. Patients lacking follow-up for longer
than 14 months were excluded as well as patients who refused
check-up and patients who had shunt-infections (because
shunt infection may affect the patient outcome by itself). In this
cohort, the average follow-up was 2.9+1.6 years (range: 1-4
years). The clinical state of the patients at that point in time
was considered as the last data point used in this analysis.
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The statistics that were employed to evaluate the clini-
cal data included the Mann—Whitney U, Spearman, Kruskal—
Wallis, ANOVA and y>-tests at a significance level of
p<0.05.

Results

The overall shunt responder rate was 79%. Clear differences
between the responder rates of iNPH, sSNPH and non-commu-
nicating hydrocephalus patients (77%, 83% and 87%, respec-
tively) were not evident. The symptoms of Hakim’s triad that
improved included gait/balance disturbance with an overall
improvement rate of 78%, followed by a 63% improvement
rate of mental disturbance and a 59% improvement rate of
incontinence (Fig. 1). While there were no differences in the
improvement rates of gait/balance, mental disturbances and
incontinence between the examined three hydrocephalus
etiologies, the overall improvement rate of gait/balance was
clearly better than incontinence and mental impairment reco-
very (p<0.00035; p=0.031). Interestingly, the preoperative
preconditions (age, anamnesis duration, HHS, CMI) of all
three examined hydrocephalus etiologies did not differ signifi-
cantly, which might explain why clinical outcome differences
could not be found between the different etiologies. Overall,
older age, longer anamnesis, worse CMI or worse HHS wors-
ened the patient outcome significantly (p=0.026, p=0.021,
p<0.000, and p=0.002). In this analysis, we specifically ana-
lyzed the predictive value of gait/balance disturbances. A
weak correlation was found between the preoperatively
assigned “raw” points for gait/balance disturbances with RI or
shunt responder rate (p=0.046 and p=0.042). However there
was a strong correlation between the quotient of points
assigned for gait/balance disturbances and the sum of points
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evaluated in all five items of HHS grading compared with RI
or shunt responder rate (p=0.001 and p<0.000). We named
this quotient the “predictive value of gait” (PVG). We ana-
lyzed whether these influencing values (age, anamnesis dura-
tion, CMI, HHS, PVG) are independent outcome predictors
and found that only CMI and PVG were independent outcome
predictors (p<0.000 for both). The independent outcome pre-
diction of HHS was still significant but at a weak level
(p=0.048). Accordingly, it was only reasonable to look for
thresholds in these three outcome predictors that might serve
to separate favourable (responder) and unfavourable (non-
responder) outcomes. The critical values for CMI, HHS and

Fig. 2 Shunt responder rates at given
clinical states graded with HHS and CMI.
It is obvious that worse preconditions
have lower shunt responder rates

Shunt Responder rate in %
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PVG were found to be 3 points, 5 points and 0.5 points,
respectively. Patients with higher CMI, HHS or lower PVG
values had worse outcomes (Fig. 2; p<0.000, p=0.008, and
p<0.000). Based upon this evaluation, it was possible to
establish a decision algorithm (Fig. 3). This decision tree had
very accurate prediction of shunt responders. Given a patient
with low CMI and low HHS for whom the product of both
does not exceed 11 with a clinical state that is dominated by
gait/balance disturbances and an according PVG>0.5, his or
her shunt success rate will be about 97%, and the accuracy of
this statement is about 92%. If the patient’s product of CMI
and HHS values exceeds 11, while his or her CMI is >3 points,
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and his or her HHS is <5 points but gait/balance disturbances
lack, the shunt responder rate can be still high (88%), but the
accuracy of this prediction is only at 62%.

Discussion

These data underline our and others’ earlier findings of the out-
standing importance of comorbidity for the rehabilitation
potential of chronic hydrocephalus (especially for iNPH) (5, 8,
10, 13). Similarly, as in a previous study, we confirmed that
older age and a longer anamnesis may worsen clinical out-
comes (4, 11, 17, 18). The fact that we did not find significantly
different shunt responder rates between iNPH, sSNPH and non-
communicating hydrocephalus may be due to the fact that
the number of patients of each hydrocephalus etiology is quite
different and accordingly not valid for outcome comparison.

This study also confirmed earlier findings that stated that
patients with predominant gait disturbances had the best prog-
nosis to recover, while patients with symptoms of inconti-
nence and mental disturbances which dominate clinical
appearance are less likely to improve after shunting (2, 3, 7,
10, 14, 15, 19, 21).

This knowledge was the basis for our creation of the predictive
value of gait (PVG), and we have shown that there is an excellent
recovery rate in patients who have mainly gait disturbances in
contrast to patients with other symptoms (mental dysfunction,
incontinence). PVG provides a useful extention of HHS grading
to demonstrate the predominance of gait disturbance.

Against this background, we developed an algorithm that
predicts the probability of successful shunting using HHS,
CMI and PVG values as inputs. Depending on the patients’
individual clinical state, shunt responder rates greater than
90% can be expected with high accuracy (62-92%). With this
algorithm, the outcome of patients with good clinical pre-
conditions (HHS <5 points, CMI<3 points, and PVG>0.5)
can be assessed with high accuracy. Patients in worse clinical
states have significantly lower chances to benefit from shunting
(about 60%), but the predictive accuracy is very low too.
Studies of more patients who have such worse clinical pre-
conditions will be necessary to establish an useful algorithm
extention allowing precise outcome prediction in these
patients at worse preconditions too. Yet ancillary tests are
necessary in this subgroup.

Conclusion

Using our clinical and comorbidity grading with a specific
focus on gait disturbance, it is possible to predict the probabil-
ity of successful shunting with high accuracy. The drawback

M. Kiefer and R. Eymann

to our established algorithm is its limited applicability to
patients with unfavourable preconditions.
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What Can Be Found Inside Shunt Catheters

Z. Czernicki, R. Strzatkowski, N. Walasek, and B. Gajkowska

Abstract Obstruction of shunt catheters is one of the
main causes of shunt malfunction. The fragments of shunts
removed from five patients were examined using scanning
electron microscopy with a (SEM) JEOL JSM-6390 LV
microscope. Fifteen catheters from the brain ventricle, lum-
bar space, and peritoneal space were studied. SEM studies
showed that the catheters’ surfaces were not sufficiently
smooth. The inner surface was often covered by a web of col-
lagen fibrils. Aggregates of red and white blood cells, plate-
lets, lymphocytes, mast cells, and macrophages were trapped
in the collagen web. Such cellular aggregates formed a
coherent, delicate web mainly consisting of ultrastructurally
unchanged cellular elements and were well preserved. Other
types of aggregates contained completely destroyed cells that
appeared to be submerged in thick collagen web fibrils.

We also found a few ultrastructural abnormalities among
morphologically unchanged cellular elements. The presence
of abnormal red cells showing unusual variability in their
shape and size including spherocytosis (thickened, spheroid,
and crenate red cells), elliptocytosis (elongated, rod-shaped,
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or tear-drop red cells), the thalassaemic phenotype of red
cells (with inclusion of precipitated unstable hemoglobin in
the form of Heinz bodies distorting the red cells, leading to
their lysis) was a striking finding. Under scanning electron
microscopy, we also recognized swollen or crumpled red
cells that looked like potato crisps. Aggregation of thick-
ened blood platelets and white cells was observed frequently.
Our study confirmed the importance of the smoothness of
the inner surface of the catheter. Smoothness can prevent the
formation of cell and protein deposits.

Keywords Shunt catheters ¢ hydrocephalus ¢ thrombotic
aggregates  scanning electron microscopy

Introduction

Shunt systems are implanted so that they may function for
many years. The main problems with these systems are infec-
tious complications and obstructions. In many studies, authors
have looked for presence of bacterial and fungal colonization
of catheters (1,5,6). However, catheter infection is not the only
reason for complications. The malfunction is often caused by
catheter obstruction. To date, non-microbiological intracatheter
deposits have not been sufficiently studied (2).

Materials and Methods

The morphology of unused and explanted plastic shunt
catheters, as well as their interior and exterior spaces in
longitudinal and transversal sections, was studied by scanning
electron microscopy (SEM). The shunt catheters were fixed
in 2.5% glutaraldehyde and 2.0% paraformaldehyde in
0.1 M phosphate-buffered saline (PBS). Fixation was initiated
at room temperature, followed by storage in the fixative for
4-7 days at 4°C. The fixed material was washed in this same
buffer and post-fixed with 1% OsO, in PBS for 30 min. After
washing, the catheters were dehydrated using increasing
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acetone concentrations (30-100%), each step lasting 10 min
at room temperature. Afterwards, the catheters were placed
in a critical-point drier and thinly coated with gold (Polaron SC
7620). The morphology of the shunt catheters was observed
in a JEOL JSM 6390LV scanning electron microscope at
20 kV acceleration voltage.

Results

The inner surfaces of catheters were ragged (Fig. 2, high
magnification). These surface irregularities enable the attach-
ment of collagen fibrils and the formation of deposits.

Fig. 1 The inner surface of a used shunt catheter in longitudinal
section at a low magnification. Note that the internal surface is covered
by aggregates

Z.Czernicki et al.

In the present study, fragments of 15 explanted catheters
from the brain ventricle, lumbar spaces, and peritoneal
spaces of five patients were examined using SEM.

In the interior spaces of catheters on longitudinal and
transversal sections we recognized ultrastructurally altered
protein deposits (Fig. 1, low magnification) and amorphic
aggregates.

High magnification of aggregates revealed variability of
their morphology. Some of them were focally attached inside
of the catheter’s surface and showed aggregates of red and
white blood cells, platelets, lymphocytes, macrophages, and
mast cells (Fig. 3).

Many ultrastructurally unchanged cellular blood elements
were caught in delicate networks consisting of thin fibrin
fibers (Figs. 4-6). We also observed another type of aggregate

Fig.2 The inner surface of a shunt catheter

Fig. 3 The aggregate, which is composed of red blood cells, white
blood cells, and mast cells (MC)

Fig. 4 The ultrastructurally unchanged red blood cell aggregates
inside delicate networks of fibrin fibrils
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Fig. 5 Red blood cells in mesh fibrin fibrils

Fig. 7 The aggregate substance, which mainly consists of cell debris,
appears to be covered by network bundles of collagen fibrils on the
entire surface

containing completely destroyed cells that appeared to be
submerged under thin fibrin fibers and thick collagen fibrils
(Fig. 7).

Among the morphologically unchanged red blood cells
anchored in webs of fibers, the striking finding was the
presence of ultrastructurally changed red cells, which
showed unusual variability in their shape and size, includ-
ing spherocytosis (thickened, spheroid, and crenate red
cells) elliptocytosis (elongated, rod-shaped, or tear-drop
red cells), the thalassaemic phenotype of red cells (with
inclusion of precipitated unstable hemoglobin in the form
of Heinz bodies distorting the red cells, leading to their
lysis) (Figs. 8 and 9).

Under scanning electron microscopy, we recognized
aggregates that also contained mast cells in the process of
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Fig. 6 Higher magnification of two red blood cells and one white
blood cell in a network consisting of fibrin and collagen fibrils

Fig.8 Among ultrastructurally unchanged red blood cells (RC), which
are discs with a concave surface, note the abnormal morphology of red
blood cells consistent with thalassaemic (TH) and spherocytosis (SF)
phenotypes and swollen red blood cells (SW)

degranulation in close contact with white cells (Fig. 10) or
large macrophages (Fig. 11). Some of the aggregates were
being digested by these macrophages (Fig. 12). Aggregation
of thickened blood platelets and white blood cells was
frequently observed (Figs. 3 and 8).

Discussion

Further studies of the complex analysis of different catheter
types are needed. Of particular interest are the new catheter
types, which are covered with an extra smooth layer.
Attention should be paid to morphological elements present
in the CSF, especially in situations when blood cells can



84

Z.Czernicki et al.

Fig.9 Normal and elliptocytosis (TD) phenotype of red blood cells
(tear-drop red cells)

Fig. 11 Large macrophage with long microvilli (MG) corresponding
to white blood cell aggregates

migrate to the CSF. A common problem in shunt-treated
patients is shunt malfunction due to system obstruction. The
main known causes of obstruction are blood cells and pro-
tein deposits. SEM analysis of unused plastic catheters indi-
cated characteristic, fine fissures or notches on their internal
and external surfaces. We hypothesize that these fissures
were generated mechanically, leading to the attachment of
thrombotic aggregates.

The finding of various phenotypes of red blood cells in
the catheters’ aggregates analyzed by SEM was an impor-
tant result. Some of these phenotypes, such as the thalas-
semic phenotype, illustrate a feature of conformational
disease (3).

Precipitation of denatured hemoglobin in red cells due to
mutations in the globin protein or to unbalanced chain syn-
thesis, as in the common alpha thalassaemias, results in the

Fig. 10 Aggregate consisting of a mast cell (MC) in the process of
degranulation and small white blood cells with other cellular elements
attached

Fig. 12 The picture clearly shows an aggregate/deposit (AGG) being
digested by a macrophage

aggregation of hemoglobin as discrete inclusion bodies (9).
These inclusions distort the cell and lead to a physical loss of
membrane and eventually to lysis.

Elliptocytosis is an abnormality of blood characterized by
the occurrence of elongated red blood cells, which are mostly
represented by elliptic plates and tear-drop red blood cells (7.8).

Red blood cells are also known to be highly sensitive
to the osmotic pressure of their medium. In hypertonic
situations, they become flattened or crenate, whereas in
hypotonic ones they swell into rounded forms (4,8).

In conclusion, SEM analysis of unused and explanted
catheters has confirmed the importance of the inner surface of
the catheter (dead smoothness) to prevent their malfunction.

Conflict of interest statement We declare that we have no conflict of
interest.
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Glue Instead of Stitches: A Minor Change of the Operative Technique
with a Serious Impact on the Shunt Infection Rate

Regina Eymann and Michael Kiefer

Abstract

Introduction Shunt infections are still one of the most
important complications of shunt surgery. We observed
shunt infections coming from wound breakdown due to min-
imal CSF leakage from subcutaneous CSF accumulation,
which is often unavoidable in babies over the borehole, along
the fibers of stitches that close the superficial skin. Whether
such secondary shunt infections might be overcome by
avoiding stitches has been studied.

Materials and Methods We examined 90 children experi-
encing their first shunt insertion between September 1998 and
April 2008. We divided the children into two groups. Wound
closure was performed with absorbable subcutaneous one-on-
one sutures with counter-sunk knots in both groups. In one
group, octylcyanoacrylate tissue adhesive was used for the
final layer closure of the skin (44 children); in the other group,
non-absorbable one-on-one single skin sutures were used (46
children).

Results Using the glue, we reduced the wound dehiscence
rate from 24% to 2% and the infection rate from 17% to 0%.

Conclusion A minimal change of operative technique
substantially affects the shunt infection rate due to the exter-
mination of the “wick-effect” along filaments used to close
the skin. Furthermore, Dermabond® itself has a bactericidal
effect.

Keywords Hydrocephalus ¢ shunts ¢ children ¢ octylcyano-
acrylate tissue adhesive ® shunt infection ® wound dehiscence
e complications
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Introduction

Shunt infections are still one of the most important compli-
cations of shunt surgery (2), On closer inspection they have to
be separated into primary and secondary infections. The lat-
ter are caused by wound dehiscence and/or cerebral spinal
fluid (CSF) leakage from subcutaneous CSF accumulation
along the fibers of sutures. Additionally, sutures may intro-
duce bacteria from the skin into the wound via punctures of
the skin that generate a migration path through the skin along
which common skin bacteria can migrate (4). Like every for-
eign material brought into human tissue (e.g., shunt cathe-
ters), the surface of the suture material can serve as an
opportunistic site for bacterial colonization and potential
biofilm cultivation. Shunted patients present optimal condi-
tions for infections, regarding the fact having two foreign
materials closely together. Shunt catheter and sutures, which
are eventually in direct contact with each other in the subcu-
taneous tissue, exponentially increase the risks of a shunt
infection.

The development of 2-octylcyanoacrylate (Dermabond®,
Ethicon, Summerville, NJ, USA) was a new advancement in
the wound closure field. This tissue adhesive was introduced
in the summer of 1998, and it appears to prevent skin sutures
from contacting both CSF accumulations around shunt
catheter and the catheter itself. The aim of the prospective
study was to find out whether wound closure with octylcy-
anoacrylate tissue adhesive (ota) is an appropriate method
for preventing secondary shunt infections in children.

Materials and Methods

Patient Population, Study Design

We examined 90 children suffering from hydrocephalus who
received their first shunt implantation between September 1998
and April 2008, inclusive. The average age of all children at the
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time of shunt insertion was 9.2+20.2 months (range: 1 day—
127 months). We randomly divided the children into a “gluing
group” (GG) and a “stitching group” (SG). Each child was
arbitrarily assigned to a specific surgeon. One group of sur-
geons routinely performed gluing of the wound with octylcy-
anoacrylate tissue adhesive, whereas the other used single skin
sutures (sss). Rather than the personal preference of a surgeon,
assignment was arbitrarily made to a surgeon with the pre-
defined treatment protocol (ota or sss). Quality management
examinations revealed no significant shunt infection rate
differences between the groups of neurosurgeons over time.
Consequently, the final wound closure was performed with
gluing in 44 children and suturing in 46 children.

All surgeries were performed by, or under the direction of,
one of the pediatric neurosurgeons at a single medical center
(Medical school of the Saarland University, Department of
Neurosurgery, Homburg-Saar, Germany).

Technique

Surgical procedures were performed in a routine manner
with overall three skin incisions in total with any shunt inser-
tion. Skin incisions ranged between 0.5 and 2 c¢m in size.

In the GG, meticulous closure of the subcutaneous tissue
with one-on-one absorbable sutures with a counter-sunk
knot was required to achieve appropriate alignment of the
final layer of the skin or scalp (Fig. 1). The skin was then
dried with a dabber. With the help of fingers or forceps to
bring the wound edges close together in a good alignment,
the final layer of the skin was closed with octylcyanoacrylate
tissue adhesive. After crushing the vial, the adhesive was
squeezed to the foam tip. The octylcyanoacrylate tissue
adhesive was slightly painted over the apposed wound edges,
taking care to prevent the adhesive from running into the
depth of the wound. Polymerization of the first layer occurs
within 60 s. Second and third layers were made at 30s inter-
vals. The wound was covered with a soft plaster in order to
prevent the child from scraping off the glue. Care was taken
not to bring the adhesive of the plaster in contact with the
octylcyanoacrylate tissue adhesive.

In the SG, the operation procedure was exactly the same as
that in the GG. Subcutaneous absorbable sutures were first
inserted in the wound as in the GG. All skin incisions were
directly closed with non-absorbable fibers making deep one-on-
one skin sutures (Fig. 1). Plaster was stitched onto the wound.

Statistics

For statistical analysis, we used the ¥2 and the Mann—Whitney
U tests at a significance level of a=0.05.

R. Eymann and M. Kiefer

Fig. 1 This figure shows two different methods for wound closing.
The upper drawing demonstrates the typical suture touching the cath-
eter, whereas the lower drawing shows a glued wound without any
stitches on the skins surface

Results

The average age of the children in the GG and SG were
7.5+14 months (average valuesz+standard deviation) and
10.8£25 months, respectively. Neither the age (p=0.641)
nor the body weight (p=0.303; GG 5200+4300 g and SG
6900+ 7000 g) differed significantly between the two groups
at the time of shunt insertion.

We found a significant difference in the rate of wound
dehiscence (p=0.01) as well as the consecutive shunt infec-
tion rate (p=0.05), which were both worse in the SG. In the
GG, there was one dehiscence (2%) of the wound due to the
fact that the liquid tissue adhesive had flowed unintentionally
between the wound edges into the subcutaneous tissue and
impeded normal healing. In this child, no infection occurred
(secondary shunt infection rate: 0%). In contrast to the low
rate of wound healing complications in the GG, 24% of the
children in the SG showed CSF or serous fluid flow through
the stitches to the surface of the skin and secondary wound
dehiscence (Fig. 2). The wounds involved were located behind
the ear in four children, and the frontal scalp wound showed
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Fig. 2 This figure illustrates the relative frequencies of infection and
dehiscence of sutured wounds compared to glued wounds

disturbed healing in four additional children. Eight of the
eleven children with a wound healing disorder suffered from
a consequent serious shunt infection (17%) with ventricu-
litis. The causative organisms were coagulase — negative
Staphylococci in six cases and Staphylococcus aureus in two
cases. The average time until the signs of ventriculitis occurred
were 43 +34 days (range 10-90 days) after shunt insertion.

Discussion

This analysis is an impressive demonstration of the benefits
of using a tissue adhesive instead of single skin sutures for
wound healing. The secondary shunt infection rate was
reduced from 17% to 0%, and the frequency of wound
healing disorders was lowered from 24% to 2%. Wound
healing of the skin provides especially challenging circum-
stances, due to the foreign body beneath the cutis that is
eventually surrounded by a small film of fibrinolytic CSF. It
is therefore particularly advantageous in such cases to close
the upper layer of the skin with a tissue adhesive. This result
contrasts with the previous recommendations from another
prospective analysis of wound closure with octylcyano-
acrylate tissue adhesive (9) in pediatric neurosurgical proce-
dures (10). In sutured wounds, however, the fiber can act as
a wick. Serous fluid of the subcutaneous tissue and CSF that
gathers around the catheter is transported to the top of the
skin. Moving in the opposite direction, bacteria of the nor-
mal skin can negotiate through the whole layer of the skin
into the subcutaneous tissue. They may migrate on the sur-
face of the shunt catheter through the epithelizing stitches
within days (11). The application of octylcyanoacrylate tis-
sue adhesive eliminates the need for deep skin sutures.
Interestingly, Wang demonstrated that CSF leakage can be
overcome by reapplication of glue even though this author did
not recommend its use. Unlike others (gluing scars) (6,10),
we avoided different starting conditions to achieve significant
rigor and therefore restricted our study only to children
undergoing their first shunt insertion. An additional effect

of octylcyanoacrylate tissue adhesive may arise from its
actions as a microbial barrier (1). The only child of our series
in whom the glue flowed into the wound did not suffer a
wound or shunt infection even though the tissue adhesive
was in direct contact with the catheter. In our series, sec-
ondary shunt infections after a wound dehiscence in sutured
wounds occurred with the bacteria of the normal healthy
skin (5). The germs causing the shunt infections were coagu-
lase negative Staphylococci and Staphylococci aureus. Our
results demonstrate that these infections probably could have
been prevented through the use of an octylcyanoacrylate
tissue adhesive instead of deep skin sutures. This is very
important with regard to the morbidity following ventriculitis
in children, which can cause mental and motor function
retardation, the development of seizures (7), and nephritis
and intraperitoneal cysts (8). In addition to reducing the
expenses (3) due to infection treatments, the use of octylcy-
anoacrylate tissue adhesive could also have prevented the
negative personal consequences for these children.

Conflict of interest statement We declare that we have no conflict of
interest. We did not achieve any financial support from Ethicon.
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Animal Experiments to Evaluate Complications of Foreign Materials
on Silicone with Shunt Catheters: Preliminary Results

Regina Eymann, Ullrich Meier, and Michael Kiefer

Abstract

Objective Use of silicone to manufacture hydrocephalus
shunts has been critical for the successful introduction of
modern shunt therapy. However reactions to foreign mate-
rial cause biodegradation, calcification, and massive scar-
ring, and their impact on the still high shunt failure rate
might have been undervalued in the past. We established an
animal model to simulate the conditions and reactions with
the silicone catheter in human patients.

Methods We implanted catheters from different hydrocepha-
lus shunt manufacturers available on the world market in 12
four-week old Wistar rats. To mimic shearing forces and ten-
sile stress, the tubes were firmly fixed proximally and distally
in a growing rat. The catheters remained in the subcutaneous
tissue for 1 year before being removed and studied using scan-
ning electron microscopy and histological studies.

Results All of the implanted long catheters showed frac-
tures and calcification on their surfaces, whereas the short
fragmented catheters did not.

Conclusion The immunological reactions with silicone and
the biodegradation of the material can be simulated in this
animal model to study details of the pathophysiology of this
process.
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e immune reaction ® complication * biodegradation
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Introduction

Use of silicone to manufacture hydrocephalus shunts has
been one key to the successful introduction of modern shunt
therapy. Although this material is one of the main causes of
late shunt complications (1), and despite improvements in
materials, devices and surgical techniques, no alternatives to
silicone have been identified to this day. Based on series
reviews and case reports, it is apparent that late shunt com-
plications arise almost entirely due to problems associated
with foreign body reactions on the silicone catheter and/or
aging of the shunt material. There are two different types
of reactions to silicone shunts: the degradation and miner-
alization of the catheter by itself and as an consequence to
immune reactions several biological reactions.

1. Biodegradation and mineralization of the catheter (5)

e Calcification with fixing scarring (1,10)
¢ Fractures of the silicon catheter (1)
* Corrosion of the material (1)

2. Potential consecutive biological reactions

¢ Abdominal cerebrospinal fluid pseudo cysts (3,7,12)

e Atrial thrombosis and cardiopulmonary complications
(14,15)

* Perforation of the catheter through the skin and organs
such as bowel perforation (9,13)

e Occlusion of the distal and ventricular catheter (4)

¢ Increasing patients malpositioning during the growth

Biodegradation and mineralization of silicone catheters make
shunt revisions necessary, particularly in a growing child (1). As
it is located in subcutaneous tissue, the catheter calcifies, result-
ing in a fixation of the catheter with scars. Therefore, surgeons
intention by implanting 50 cm of the catheter length into the
intraperitoneal cavity in the hope that the catheter would extri-
cate from the abdomen into the subcutaneous tissue step by step
during the patient grows, led as absurdum. We performed an
animal study to verify whether immunological reactions in the
subcutaneous tissue in combination with calcification and
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denaturation of the material in patients, especially in children,
can be reproduced in an animal model. The animal experiments
were approved by the local ethics committee.

Methods

In a first attempt we implanted various shunt catheters from
different manufacturers in 12 anaesthetized rats. All the sur-
geons weared latex-free gloves during the whole procedure.
Anesthesia was initiated with CO, inhalation until the rat was
asleep, followed by full anesthesia administered intraperitone-
ally (dosage of 0.1 ml per 100g of bodyweight) using a mix-
ture of 1 ml (RS)-(x)-2-(2-Chlorphenyl)-2-(methylamino)
cyclohexane-1-on (Ketavet®) (0,1%) with 0.24 ml 2-(2,
6-Dimethylphenylamino)-5,6-dihydro-4H-thiazin
(Rompun®) (2%). All catheters inserted are available on the
world market and most are typical component parts of the
shunt kits. In each 4-week old Wistar rat, one long (6 cm)
catheter was implanted subcutaneously on the left side using 5
mm skin incisions on the shoulder and hip. The long catheter
was drawn with a pusher through the subcutaneous tissue from
incision to incision, imitating the catheter insertion of shunt
implantation. Slightly stretching the catheter mimicked the
tensile stress during operation. Both ends were fixed to the
muscle with a non-absorbable suture. One fixation point was

Fig. 1 Calcifications on the surface
of long silicone catheters (SEM)

R.Eymann et al.

the shoulder and the other end was sutured to the muscle of the
hip on the same side of the body. With this maneuver, the cath-
eter was not stretched, as it lay in the subcutaneous tissue.
During the first months of growth, the distance between the
shoulder and hip of the rat increases. Thus, the catheter was
stretched until the resistance increased and imitation scoliosis
of the vertebral column occurred. With this experimental set
up, we intended to imitate the angular tensile strength and
shearing forces in the flexible subcutaneous tissue of a child.
On the reverse side of the animal, three different complemen-
tary catheters of 1 cm length were inserted subcutaneously
without fixation. Wound closure was performed with octylcy-
anoacrylate tissue adhesive after subcutaneous reabsorbable
one-on-one sutures were performed. All implants remained in
the subcutaneous tissue of the rats for 1 year. Rats were then
euthanized with Pentobarbital, catheters were removed, and
histological and scanning electron microscope (SEM) studies
were performed.

Results

No infections occurred in the subcutaneous tissue around the
catheters and no wound infections occurred.

All long and short pieces of the catheters were found
embedded in membranous tissue.
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Fig.2 Fractures and cracks in the
surface of the long silicone catheter

e All long catheters showed:
e Calcifications on the surface area (Fig. 1)
e Fractures and grooves extending deep into the sili-
cone material (Fig. 2)
One short catheter showed calcification on the surface.

Discussion

This is the first animal model mimicking the in situ situation of
the shunt catheter. In particular the tensile strength and shearing
forces in the subcutaneous tissue of a growing child, additionally
provoked by its movements could be imitated. Fractures of the
catheter occurred mainly directly beneath the valve (6,8). In the
area of the neck, chest and waist, the catheter is located in flexible
subcutaneous tissue. During development and growth of a child,
the dimension of movement increases, especially in the region of
the neck, so that the catheter is at a higher risk to break. However,
increased longevity of the catheter in a biologically active tissue
and the consistent biodegradation and calcification additionally
increases the risk of fracture (2,8,11). These phenomena interact
with each other as calcification and mineralization of the catheter
in the subcutaneous tissue stressed with shearing forces due to
increasing movement of the child result in scarring and consecu-
tive fixing of the catheter in the tissue, resuting in a vicious circle.
About 30% of all shunt revisions are due to catheter problems
which arise during growth of a child (1). Indicative therefor is the
fact, that all long catheters demonstrated deep cracks and frac-
tures whereas the short, unfixed catheter pieces did not. With this
model, further investigations can be performed to study details of
the pathophysiology of the immunological processes caused by
silicone catheters in soft tissue.

Conflict of interest statement We declare that we received a financial
support to realise this study from Raumedic AG.
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Huge Thrombosis as a Consequence of VA-Shunts

Michael Kiefer and Regina Eymann

Abstract

Objective Thrombosis is a rare but serious consequence of
VA-shunts. We present two cases of near fatal thrombosis
and its successful (but in case 2, atypical) management.

Results Case 1: A 38-year-old woman with VA-shunt
suffered from rapidly progressing heart failure and later
from progressing underdrainage signs nine years after shunt-
ing due to a thrombus on the atrial shunt catheter that
occluded >80% of the right atrium. Cardio-surgical removal
of thrombus and VA-shunt catheter and VP-shunting nor-
malized neurological and cardiological state. Case 2: A
40-year-old woman received a VA-shunt 5 years before she
suddenly suffered dyspneaand venous congestion. Secondarily,
underdrainage occurred. The underlying huge thrombosis of
the superior caval vein could not be excised because the
necessary thoracotomy would have interrupted vital venous
bypasses along the thoracic wall. Anticoagulants (heparin,
cumarin) and ETV relieved all neurological and cardiological
symptoms.

Conclusion Sudden or unexpected symptoms of cardiac
failure in the presence of a VA-shunt must be recognized as
serious. Interestingly, despite distal shunt occlusion, underd-
rainage symptoms might be initially mild.

Keywords Hydrocephalus ¢ complication ¢ thrombosis
* VA-shunt ¢ shunt ¢ side-effects * venous congestion ¢ vena
cava syndrome ° pulmonary hypertension ¢ foreign material
reaction  thromboplastin
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Introduction

With the introduction of modern hydrocephalus shunt therapy,
the right atrium has been the preferred site for cerebrospinal
fluid (CSF) diversion because the initial experiences with
ventriculo-peritoneal (VP) shunts were unfavorable (6) (prob-
ably due to the materials used (4)). As the incidence of
VP-shunt failure dropped with the usage of silicone catheters,
VP-shunts became the preferred technique in the 1970s.
Some, however, continued to prefer ventriculo-atrial (VA)
shunts until the 1990s, when gravitational shunts became
available because overdrainage risk was higher with
VP-shunts (4, 11, 15-17). However, nowadays, preconditions
such as multiple intraperitoneal adhesions after repeated
abdominal interventions or intraperitoneal infections or other
conditions (1, 12,27, 28) might force VA-shunting. We report
two cases of huge thrombosis due to VA-shunts and its differ-
ent treatments and discuss as well treatment and prophylaxis
options as the still enigmatic incidence and pathophysiol-
ogy of cardio-pulmonary complications of VA-shunts.

Case Reports

Case 1

A 26-year-old patient with a triventricular hydrocephalus
initially had a stereotatically guided third ventriculostomy,
followed by VA-shunting some months later due to lack of
symptom resolution after ventriculostomy, despite open stoma.
After shunting, imaging revealed slit ventricles over several
years, but the patient remained asymptomatic. Nine years
after shunt insertion, the first signs of shunt dysfunction
with fatigue, mental disturbances, and episodes of confu-
sion and symptoms of progressive cardiac failure with
dyspnea occurred. Consequently, she lost her job and aban-
doned all sport activity. However, it was another 3 years
before she was admitted to our department with signs of
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significant increased intracranial pressure (ICP) (fatigue,
headache, mental deficits, and Parinaud’s syndrome) and global
heart failure (dyspnea while resting in bed). Computer- and
magnetresonance-tomography (CCT, MRT) revealed mas-
sively enlarged ventricles and periventricular lucencies.
Chest X-ray, transthoracic (TTE) and transesophageal
(TEE) echocardiography, and thoracic computertomogra-
phy demonstrated: (1) a partially calcified mass of 4 cm in
diameter, which occluded the right atrium by about 80%,
in close contact with the distal VA-shunt catheter (Fig. 1),
(2) global heart failure with an ejection fraction of 46%, (3)
pulmonary hypertension (>50 mm Hg mean pressure), and
(4) tricuspid and mitral valve insufficiency. There were no
signs of acute or older pulmonary embolism and acute or
chronic infections. To overcome ICP crisis, a VP-shunt was
inserted, which improved the ICP crisis-related symptoms
dramatically. Endoscopic third ventriculostomy (ETV) was
abandoned because of the initial failure of third ventriculos-
tomy. In parallel, intravenous antibiotic and heparin treat-
ment was initiated. The calcified mass of the right atrium
and the VA-shunt were removed via a transthoracic approach
in cardiac arrest using a heart—lung machine. The histologi-
cal examination of the removed mass confirmed the sup-
posed calcified thrombus with some signs of
long-persistent, low-virulent infection. The patient regained
complete normalization of her cardiac and mental functions,
enabling normal daily activity with sports and full-time
employment within 1 year.
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Fig. 1 Thoracic computertomography of case 1, demonstrating a
mostly calcified mass in the right atrium, which occludes the atrium by

minimally 80%. The tip of the VA-shunt ends in this mass. The heart is
clearly enlarged
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Case 2

A 16-year-old girl was treated in 1982 for aqueduct stenosis
with Torkildsen drainage, which resolved hydrocephalus-
related symptoms for 17 years, until she presented with
Sylvian Aqueduct Syndrome. ETV was refused by the
patient and a VP-shunt inserted, which had to be revised
multifold within some months due to occluding scars on the
distal tip of the peritoneal catheter. A later diagnosed
silicone allergy might have been responsible for this.
Furthermore, refusing ETV, she was VA-shunted and despite
using a gravitational valve, the patient developed asymp-
tomatic slit ventricles. As a medical professional and know-
ing VA-shunts’ thromboembolic complications, she took
100 mg acetylsalicylic acid per day of her own accord. After
6 asymptomatic years, she had a 2 weeks episode of face
and neck swelling in 2006. After another asymptomatic
interval of 3 months, she suffered again from swelling of the
face, neck, and both arms along with tracheal cough.
Atypical pneumonia was diagnosed, despite her physician
having noted a worse discrimination of the atrial shunt cath-
eter on a chest X-ray. Finally, on admission in our depart-
ment, she presented with a serious vena cava superior
syndrome and moderate dyspnea. The formerly slit-like
ventricles were mildly enlarged but shunt failure-related
symptoms were lacking. Thoracic CT revealed a vast
thrombosis of the complete superior caval vein, which
reached into the right atrium, the venae brachiocephalica,
azygos (until the confluence with the vena hemiazygos),
and the right venae subclavia and jugularis interna,
respectively (Fig. 2). The thrombosis was bypassed via
the vena hemiazygos (left side) and distended veins on
the thoracic wall (right side). The latter prevented thoraco-
tomy for thrombectomy. Accordingly, intravenous heparin
and, later, oral cumarin treatment aiming INR-values >3
remained the only therapeutic options. Despite sufficient
anticoagulation, the patient suffered within the next 6
months several episodes of pulmonary thromboembolism,
which was proved by repeated thoracic CT examinations.
TEE demonstrated recurrent free floating thrombi on the
distal tip of the VA-shunt as the source of embolism. Signs
of shunt failure were lacking until November 2007, when
the patient presented with an ICP crisis and significantly
enlarged ventricles. Because the thrombosis did not resolve
due to the lack of vascular remodeling during the past 1.5
years, the vital venous bypasses on the thoracic wall impeded
thrombectomy furthermore and ETV was accepted by her
now. After successful ETV, all hydrocephalus-associated
symptoms disappeared. It is worth mentioning that there
was never an episode indicating shunt or any other general-
ized infection during the years after VA-shunting.
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Fig.2 Thoracic computertomography of case 2 after contrast medium
application. The most distal intravascular course of the VA-shunt cath-
eter is visible. Contrast medium can be seen in the right Venae jugu-
laris, and subclavia, in the inferior vena cava and all visible parts of the
heart. A complete thrombosis of the vena cava superior and anonyma as
in the left venae jugularis and subclavia is obvious. Heart has normal
dimensions

Discussion

Typical clinical cardiopulmonary, thromboembolic compli-
cations of VA-shunts are: (1) thrombosis of the superior and/
or inferior vena caval or of the right atrium, (2) acute and/or
chronic pulmonary embolism, and (3) pulmonary hyperten-
sion (e.g. chronic thromboembolic hypertension (CTEPH))
and its consequence (cor pulmonale).

Frequency

Incidence and prevalence of these complications remain
enigmatic. The large discrepancy between the reported clinical
prevalence of 0.3% and 50% has become further contrasted
by autopsy findings of 60% pulmonary embolism, 34%
intracavitary thrombi, and 6% pulmonary hypertension and/
or cor pulmonale in VA-shunt carriers (7, 8, 14, 18, 19, 21).
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Such contradictory data have been debated as the result of a
lack of clinical diagnosis of these complications (3) (due
to minor and misleading symptoms) over the years. From
our viewpoint, the provided figures of an annual incidence of
thromboembolic VA-shunt complications of 0.05% and 0.3%
(18,22, 29) have yet to be substantiated.

Pathophysiology

The roles of preceding shunt infections and foreign material
presence in thromboembolic VA-shunt complications have
been debated over many years (9, 18, 22). Presently, evidence
exists that both are not directly involved in the initiation of
complications. The key to understanding the initiation of
complications is that the distal tip of VA-shunts is mobile (in
contrast to fixated pacemaker leads, which have a clearly
lower potential to provoke similar complications 30) and,
accordingly, able to violate the vascular endothelium. Such
violation or any other septic or aseptic inflammation up-regu-
lates TNF-qa, which initiates thromboplastin production in
endothelial cells and macrophages. With the next endothelial
violation by the catheter, thromboplastin and F VIIa induce
thrombogenesis by catalyzing the conversion of F X to F Xa.
The increased thrombosis risk in growing children when the
catheter slips into smaller vessels (23) is not due to a more
turbulent blood flow, but due to the higher chance of endothe-
lial violation in smaller vessels. Beside direct involvement in
thrombogenesis, thromboplastin and F VIla also play an
important role during pulmonary angio-neogenesis, which is a
key feature of CTEPH. CSF is, beside endothelial lesions,
another important source of thromboplastin in VA-shunts. It is
dissolved in CSF in a high concentration (7), especially in slit
ventricles, which is consistent with the finding that both pre-
sented cases had slit ventricles before they developed throm-
boembolic  complications. Thromboembolic ~ VA-shunt
complications can obviously be initiated without any preced-
ing septic event, but the evidence of a specific role of shunt
infections for the complications remains impressive as bacte-
rial DNA (restricted to the thrombus solely) was found in 85%
of surgically removed thrombi in VA-shunt carriers (3).
Bacteria strongly induce TNFa production. TNFo,, however,
initiates: (1) endothelial thromboplastin formation, (2) trans-
forming growth factor (TGF fB) production, and (3) connective
tissue growth factor (CTGF) production. TGF 3 and CTGF
hinder thrombolysis and promote thrombus fibrosis.
Furthermore, plasminogen activator inhibitor and von
Willebrand’s factor are increased in the endothelial layer of
septic thrombi, which induce in situ (in the pulmonary artery)
thrombogenesis and abnormal local vascular remodeling after
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thromboembolism (3), similar to F VIla and thromboplastin.
CTEPH is not, as formerly thought (22), the consequence of
recurrent thromboembolic showers and cannot be reproduced
in this way in animal models consequentely (26). Rather, it is
the consequence of abnormal intrinsic dynamics of the pulmo-
nary vessels (13). Staphylococcus aureus infections, as one of
the most important sources of primary shunt infection (10), are
particularly harmful due to additional serious characteristics:
(1) Staphylococcus aureus phagocytosis exterminates mac-
rophages (hindering thrombolysis); (2) the bacteria strongly
activate CTGF and TGF production (protein A on this bacte-
rial surface mimics TNFa) (3).

Some formerly misunderstood phenomena can be under-
stood through the role of infected thrombi in CTEPH patho-
physiology. The discrepancy between the prevalence of
pulmonary thromboembolism and CTEPH does not result
from long-term preceding asymptomatic thromboembolism
(21, 22), but from the fact that only a minority of thrombi is
infected. Yet, if infected thrombi have reached pulmonary ves-
sels, they promote autonomic CTEPH development, even if the
source of thromboembolism and/or infection (VA-shunt) has
been removed (21). This might also explain the fact that
CTEPH lacks venous thrombosis risk factors (except antiphos-
pholipid antibodies and F VII excesses) and systemic or local
defective fibrinolysis.

Clinical Consequences

Contraindications of VA-Shunts

Against this pathophysiological background, VA-shunt carri-
ers are always at an incalculable, - despite low -, risk for
thromboembolic complications, justifying recommendations
to shun VA-shunting. However, if a VA-shunt is unavoidable,
some relative contraindications must be excluded before
VA-shunting: (1) thrombophilia (F V-Leiden, prothrombin
mutation G20210A, antiphospholipid syndrome, protein C/S
deficiency, antithrombin deficiency, homocysteine increase, F
VII increase), (2) thrombophilic treatment (e.g., contracep-
tive) or unfavourable preconditions (immobility, dehydration,
cardiac insufficiency, malignancy), and (3) sleep apnea and
Chiari malformation (often associated with sleep apnea). The
reason for the relative contraindication of sleep apnea is its
pulmonary vasoconstriction, which might worsen an already
established CTEPH (2).

Prophylaxis and Therapy

Against this pathophysiology, platelet aggregation inhibi-
tors (PAI) are useless for prophylaxis as well as for the treat-

M. Kiefer and R. Eymann

ment of these complications. The normalization of the
typically decreased platelets’ lifespan (25) in thromboembo-
lic VA-shunt complications by PAI must be regarded as an
epiphenomenon. Anticoagulants such as heparin or cumarin
and concerns about potentially thrombogenic substances
(e.g., contraceptive) might be justified to prevent aseptic
thromboembolic complications (22) in patients at a high
risk. In a risk-benefit analysis, the apparently low incidence
of such complications, argues against the general lifelong
usage of heparin and cumarin in all VA-shunt carriers. For
therapy of thromboembolic VA-shunt complications, both
substances can be useful in resolving smaller (aseptic)
thrombi (which underlines the meaning of the early recogni-
tion of such complications) before size and fibrosis (espe-
cially in septic forms) prevent resolution. They are also
indicated as long as the source of thrombosis and/or infec-
tion (atrial catheter) has not been removed and if massive
pulmonary embolization superimposes already established
CTEPH or if thromboembolism persists despite removal of
the potential source of thromboembolism (22). Experience
with local thrombolysis using rt-PA is not provided in the
literature, but its usage might be reasonable. The most essential
elements of the treatment of thromboembolic VA-shunt com-
plications are the removal of the atrial catheter (22, 24) as it
is a source of chronic endothelial lesion and infection and
the treatment of the (potential) infection with calculated
antibiosis, even if general infection markers are normal. If
thoracotomy is necessary for shunt or thrombus removal,
detailed studies of venous bypasses are mandatory to avoid
the interruption of vital bypasses, as demonstrated in case 2.
From the viewpoint of prevention, any efforts to reduce bac-
terial inoculation during shunting procedures are justified to
avoid the life-threatening septic thromboembolic complica-
tions in VA-shunts.

Screening and Follow-Up Examination

The difficulty of early detection of such complications has
been widely debated (22) and meticulous follow-up is man-
datory. Unspecific findings and complaints such as dyspnea,
pharyngeal cough (mostly misunderstood as “asthma bron-
chiale”), cardiac arrhythmia, new or modified cardiac mur-
mur, and chronic fatigue must be understood as serious
alarming signals. Regular checks of D-dimers, CRP and
platelets’ lifespan (5, 24, 25) and detailed pulmonary func-
tion tests (20) are reasonable. According to our experience,
biannual TEE might also be valuable because small thrombi
can be detected early enough to be suitable for conservative
resolution with anticoagulation. In patients at a higher risk
(after shunt infection or thromboembolic events and other
predestining conditions), more frequent examination might
be justified while chest X-ray, TTE, detailed cardiac
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examination, and ventilation-perfusion scintigraphy are not
indicated because of low sensitivity or because of potentially
serious side effects (5, 24).

Conclusion

Thromboembolic complications are serious and potentially
life-long side-effects of VA-shunting that may be difficult to
detect. Prophylaxis and treatment must orientate on the
recently more clarified pathophysiology of such complica-
tions, but individual strategies are mandatory in each case.

Conflict of interest statement Dr.Kiefer has received some honoraria
to speak about hydrocephalus. Issues discussed in this paper were not
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Does Idiopathic Normal Pressure Hydrocephalus

Always Mean a Poor Prognosis?

Michael Kiefer, Ulrich Meier, and Regina Eymann

Abstract

Objective The objective was to assess whether idiopathic
normal-pressure hydrocephalus (iNPH) has a worse prognosis
than other forms of hydrocephalus, as has been suggested.

Methods A total of 125 patients with chronic hydrocepha-
lus, 75 of whom suffered from iNPH and the remaining
(non-INPH) from sNPH or non-communicating hydro-
cephalus, were shunted using gravitational valves. Clinical
state was assessed with our clinical grading (KI) and a
co-morbidity index (CMI). Average follow-up was 5.1 +
1.6 years. Statistics: Spearman, Kruskal-Wallis, ANOVA,
x>- and the Wilcoxon U tests at a significance level of p <
0.05 were used.

Results Shunt responder rates for iNPH and non-iNPH
were 72% and 86%, respectively. With shorter anamnesis
(<1 year) or preoperative KI < 6 points, iNPH patients had a
similar or even better outcome than non-iNPH patients with
longer anamnesis or a worse KI. Most impressive was the
influence of co-morbidity: 86% of iNPH patients with a low
CMI (<3 points) experienced clinical improvement after
shunting, which was contrasted by a responder rate of 64%
for non-iNPH with worse CMI.

Conclusion The diagnosis of iNPH does not by itself mean
a worse prognosis, and iNPH patients with favorable precon-
ditions may have a similar or better prognosis than patients
with any other kind of hydrocephalus. The worse overall
clinical results of iNPH result from late recognition and in
most instances worse preconditions.

Keywords Hydrocephalus ® shunt ¢ clinical results  outcome
* co-morbidity ¢ normal pressure hydrocephalus « iNPH

M. Kiefer (I1)

Department of Neurosurgery, Saarland University Medical School,
Kirrberger Str., Building: 90.1, Homburg-Saar 66421, Germany
e-mail: Michael. Kiefer @uks.eu

R. Eymann
Department of Neurosurgery, Medical School, Saarland University,
Kirrberger Street, Building 90, Homburg-Saar, Saarland 66421, Germany

Introduction

Idiopathic normal pressure hydrocephalus (iNPH) is typically
thought to have a worse prognosis than other forms of
chronic hydrocephalus (3,6,14). Other forms of chronic
hydrocephalus (non-iNPH) such as secondary normal pres-
sure hydrocephalus or non-communicating hydrocephalus
were found to respond to shunting 74% and 87% percent of
the time, respectively (3,6,9,14). In contrast, the provided
responder rates in iNPH seldom exceed 50% (3,6,12,14),
leading to the question of whether risk-benefit analysis
would not argue against iNPH shunting (14). On closer
inspection, however, iNPH patients should typically be older,
are diagnosed later and should have more severe co-morbid-
ity compared with patients with SNPH or non-communicat-
ing hydrocephalus. We have recently found that the clinical
state and co-morbidity prior to shunting are important pre-
dictors of outcome (10). Worse preconditions may signifi-
cantly contribute to worse outcomes for iNPH.

The aim of this prospective study was to analyze whether
iNPH might have a similar prognosis as non-iNPH if iNPH
patients are in the good clinical precondition, which is
typically the norm for non-iNPH hydrocephalus.

Material and Methods

Patients, Follow-Up and Documentation

INPH was diagnosed in 75 patients (457, 309) and non-
iNPH in 50 (188, 329) patients. The non-iNPH group
consisted of 9 patients suffering from sNPH, 26 patients
with aqueduct stenosis who preferred shunting instead of
endoscopic third ventriculostomy (ETV) (n = 18) or with
unfavorable preconditions for ETV (n = 8), four hydro-
cephalic patients with Chiari malformations who were
shunted before posterior fossa decompression, and another
15 patients with various other (mostly congenital) forms
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of non-communicating hydrocephalus, who refused or
were unsuitable for endoscopic treatment.

Patients with iNPH had to present at least two symptoms of
Hakim’s triad. In non-iNPH patients the prerequisites for inva-
sive diagnostics were signs of intracranial pressure (ICP)
elevation (e.g., headache, papilla prominence with visual distur-
bances, etc.) or, as in iNPH, the presence of at least two
symptoms of Hakim’s triad, which could also be combined
with signs of ICP increase. The second prerequisite for invasive
diagnostics in both groups was an Evans-Index greater than 0.3.

The clinical state and the state of co-morbidity were metic-
ulously assessed preoperatively and for documentation we
used our modified clinical grading (KI) (Table 1), the
Recovery-Index (RI) (8) and the co-morbidity index (CMI)
(10). A patient was termed a “shunt responder” if RI was >3 at
the time of the last follow-up examination. The Evans-Index
was used for ventricular size documentation, which was mea-
sured through the obligatory preoperative magnetic resonance
imaging (MRI). Follow-up examinations including cerebral
computer tomography (CCT) were performed 2-3 months, 12
months, and thereafter annually after shunting. Minimal fol-
low-up time was | year and the average follow-up was 5.1 +
1.6 years (range: 1-8 years). The average follow-up times for
iNPH (5.2 + 1.8, range: 1-7.5 years) and non-iNPH (4.9 2.2,
range: 1.5-8 years) were quite similar (p = 0.835).

Indication Policy and Group Allocation

In potential shunt candidates, ICP was measured for 48 h and
cerebrospinal fluid (CSF) dynamics were studied using a
Spiegelberg III probe connected to a personal computer with
specific software for ICP analysis (7). Only patients with a
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mean ICP < 15 mmHg were allocated to the iNPH group.
Patients with values above this threshold, who according to
anamnesis and/or MRI-flow-studies could not be assigned
to either sSNPH or non-communicating hydrocephalus,
were completely excluded from this analysis because a
clear allocation to the iNPH or non-iNPH group was not
possible. According to the previous findings of the meaning
of the Pressure Volume Index (PVI) for shunt indication
(10), both PVI and Resistance to outflow (Rout) were con-
sidered for shunt indication. Patients with a PVI < 30 mL
or with Rout > 13 mmHg/mL/min were shunted.

Shunt Hardware

All patients were provided with ventriculo-peritoneal (VP)
adjustable gravitational shunts. We used the Aesculap-
Miethke adjustable PRO-GAV valve (Miethke KG, Potsdam,
Germany) in 44 patients (22 iNPH, 22 non-iNPH) and the
adjustable Codman-Hakim valve (Codman, Johnson and
Johnson, Boston, MA, USA) in 81 patients (41 iNPH, 40 non-
iNPH), each set to 120 mm HZO initially, combined with an
Aesculap-Miethke Shunt-Assistant (Miethke KG, Potsdam,
Germany) with an opening pressure according to hydrostatic
pressure in upright position. During follow-up, adjustments of
any range were allowed to compensate for signs and symptoms
of over- or under-drainage, respectively.

Statistics

Mann—Whitney U, Spearman, Kruskal-Wallis, ANOVA and
y>-tests at a significance level of p < 0.05 were used.

Table 1 Modified clinical grading (Kiefer-Index: KI). According to the severity of symptoms/handicap in the given five domains, values from
0 to 6 points for each domain were assigned, and the summed values represent the given clinical state (KI)

Points  Gait/balance Mental Incontinence Headache Dizziness
0 Able to stand on one leg >30 s Normal Normal Not present ~ Not present
1 Able to stand on one leg <30 s, Forgetful, weak concentration, lives Headache Intermitted and
minor disturbance with independently affecting spontaneous or
turning or bi-pedal gait ADL by challenges
2 Wide-legged, atactic gait, Urge incontinence Permanent
standing heels together >30 s
3 Tendency to fall, foot-correc- Forgetful, weak concentration, not Intermittent inconti-
tions necessary, standing completely independent, some nence, no diaper
heels together <30 s intermittent help necessary
4 Gait with auxiliary equipment Apathy, still fundamentally oriented,  Intermittent inconti- Headache
(e.g. crutches), wide-legged some daily care necessary nence, diaper affecting
standing >30 s possible necessary ADL

5 Gait with aid of one or two
persons, wide-legged
standing <30 s

6 Unable to walk, help needed for
standing, wheelchair bound

Apathy, not completely oriented,
permanent help needed (for
example with personal hygiene)

Totally confused, impairment of
higher cortical functions,

Permanent inconti-
nence (blister
catheter necessary)

Urine and bowel
incontinence

permanent support/care necessary
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Results

Clinical Data

Average age in the iNPH and non-iNPH groups was 68.2 +
12 years (range: 48—86) and 56.6 + 18 years (range: 18-72)
and accordingly quite different (p < 0.032). Increasing age
and worse outcome were correlated in both iNPH (p =
0.003) and non-iNPH (p = 0.013) patients but age alone was
not an independent outcome predictor (iNPH: p = 0.532;
non-iNPH: p = 0.744). Interestingly, the time spans between
the first overt clinical signs and the treatment of hydroceph-
alus were quite similar in iNPH (average: 3.0 + 3.3 years;
range: 0.3-5 years) and non-iNPH (average: 3.2 + 5.2 years;
range: 0.5-11 years) patients (p = 0.782). In particular,
younger patients with non-communicating hydrocephalus
symptoms such as headache or dizziness were misconstrued
over the years in many instances. While longer anamnesis
decreased the shunt responder rate in iNPH (p = 0.026), a
similar correlation could not be found in non-iNPH patients
(p =0.145); at the same time it was found to be an indepen-
dent outcome predictor in iNPH only (p = 0.036), but not in
non-iNPH (p = 0.242). The preoperative clinical state was
worse in iNPH patients (average KI: 9.8 + 5.8 points; range:
4-22 points) compared with non-iNPH patients (average
KI: 7.1 £ 2.8 points; range: 2—15 points) (p = 0.026). Similar
to the anamnesis duration, a worse preoperative clinical
state decreased the shunt responder rate in iNPH patients (p
= 0.029), but not in non-iNPH patients (p = 0.183), and a
worsened outcome as measured with the RI was only found
to be significant in iNPH (p = 0.018), but not in non-iNPH
patients (p = 0.056). Regarding the whole cohort (not sepa-
rating iNPH and non-iNPH patients) the preoperative clini-
cal state, age and anamnesis duration were strong, - but not
independent -, predictors of shunt success (p = 0.005, p <
0.000, p = 0.002). Co-morbidity as measured with the CMI
was significantly different between the iNPH group (aver-
age CMI: 5.8 + 3.6 points, range: 0-9 points) and the non-
iNPH group (average CMI: 2.1 + 2.4 points, range: 0-8
points) (p < 0.00012). One reason for this clear difference
between both groups was that nearly all (89%) iNPH
patients but only 60% of non-iNPH patients suffered from
at least one co-morbidity (p = 0.001). The influence of CMI
on outcome was notable. On the one hand, a worse CMI
typically worsened the preoperative KI (p = 0.013), which
indirectly worsens the outcome. One the other hand, a worse
CMI directly impaired the clinical benefit of shunting, inde-
pendently from its influence on the KI (p = 0.0197).
Typically the CMI increased with age (iNPH: p = 0.031;
non-iNPH: p = 0.012), but both CMI and age were indepen-
dent outcome predictors in both groups (iNPH: p = 0.036;
non-iNPH: p = 0.042).

Comparison of iNPH and Non-iNPH

In the iNPH group, 54 patients (72%) had at least a “fair”
(RI > 3) outcome and were taken as shunt responders, which
is at the first glance contrasted by 43 shunt responders (86%)
in the non-iNPH group. The corresponding odds ratio (non-
iNPH versus iNPH) of shunt success was 2.3, indicating a
twice as great chance for non-iNPH patients to benefit from
shunting compared with those with iNPH. This obvious dif-
ference initially seems to be consistent with the traditional
opinion of a worse iNPH prognosis, but was contrasted
somehow by a lack of significance between both shunt
responder rates (p = 0.068). From a restricted perspective, it
becomes evident that some outcome-influencing parameters
can be found significantly more often in iNPH patients com-
pared with non-iNPH patients; the odds ratios (iNPH versus
non-iNPH) for CMI > 3 points, KI > 5 points and anamnesis
duration >1 year were 2.9 (p = 0.041), 5.0 (p < 0.000) and
1.1 (p = 0.848), respectively. Additionally the frequency of
how often these worse prognostic factors occurred in iNPH
and non-iNPH patients was strikingly different (p < 0.000):
no co-morbidity: 6% iNPH/36% non-iNPH, one co-morbid-
ity: 12% iNPH/36% non-iNPH, two co-morbidities: 43%
iNPH/18% non-iNPH, and three or more co-morbidities:
39% iNPH/10% non-iNPH. Similar clear discrepancies
existed regarding age distribution, while more than 80% of
the patients with non-iNPH were younger than 70 years,
more than 50% of iNPH patients were older than 70 years.
This age difference was the most important one between
both groups: iNPH patients were typically older and had
accordingly worse co-morbidity. Regarding shunt responder
rates, depending on given age ranges (<60 years, 60—69
years, 70-79 years, 280 years), the difference between iNPH
and non-iNPH patients (71%/86%, 77%/84%, 15%/77%,
50%/NA) was insignificant (p < 0.00012) yet. The most
impressive results, however, can be found, if patients having
similar preconditions with regard to co-morbidity, preop-
erative clinical state and symptoms duration are compared
(Fig. 1). I-NPH and non-iNPH patients with a low co-mor-
bidity (CMI < 3 points), milder preoperative deficits (KI <5
points) and shorter anamnesis (<1 year) had a quite similar
shunt responder rate, which exceeded 80%, independent of
the type of hydrocephalus. Similarly, with worse precondi-
tions (CMI > 3 points, KI > 5 points), shunt responder rates
dropped in both iNPH and non-iNPH patients. CMI wors-
ened the outcome significantly (iNPH: p = 0.0256; non-
iNPH: p = 0.0182) in both groups. The only exceptions were
that the worsening effects of worse preoperative conditions
and a longer anamnesis on the shunt responder rates were
more serious in iNPH patients (KI: p = 0.041; anamnesis
duration: p = 0.0251) than in non-iNPH patients (KI: p =
0.157; anamnesis: p = 0.169). The latter was the only out-
come difference between iNPH and non-iNPH patients at
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comparable preconditions. While non-iNPH patients with an
anamnesis duration >1 year benefited from shunting 77% of
the time, only 57% of iNPH patients with such a prolonged
anamnesis responded to shunting (p = 0.003).

Most striking was the enormous influence of the CMI,
which seemed to “abolish” any effect of aging (Fig. 2). Given
a CMI < 3 points, the shunt success rate exceeded 80% inde-
pendent of age. Even those patients that at first glance had a
low chance to benefit from shunting because of an age older
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than 80 years and iNPH hydrocephalus had a favorable out-
come in 84% of the cases.

Discussion

I-NPH is typically considered to have a poor prognosis and
shunt responder rate; a success rate of shunting below 50%
is considered the norm (3,6,14). Some improvement appar-
ently came with the introduction of gravitational shunts
because they allowed sufficient drainage while lying down
and effectively prevented over-drainage in the upright posi-
tion (8,9,12,13), in as much that iNPH responder rates of
about 70% could be achieved together with a lowered total
complication rate. These results, however, need substantia-
tion by a randomized trial, which is already in progress.
However from a pathophysiological point of view, it has
always remained enigmatic why iNPH should have a worse
prognosis than any other form of hydrocephalus. Actually
two pathophysiological models of hydrocephalus exist in
parallel. Traditionally increase of resistance to outflow (Rout)
is claimed as underlying pathology. More recently Rout
elevation is considered as epiphenomenon, while reduced
cranio-spinal compliance is regarded as the fundamentally
disturbed parameter. CSF drainage via a shunt however,
corrects both impaired CSF absorption with elevated Rout
and decreased intracranial compliance (4). Accordingly, there
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is not an obvious reason why iNPH should have lower
rehabilitation potency than any other chronic hydrocephalus
form. The only overt difference between iNPH and other
forms of chronic hydrocephalus is that iNPH typically affects
patients during the sixth to eighth decade of life, while other
forms of chronic hydrocephalus mostly become clinically
apparent about two decades earlier at the latest. It is not
astonishing that the elderly typically suffer from more (espe-
cially cardio-vascular) co-morbidity, as it holds true in our
cohort too. In the literature the evidence, that cardio-vascular
and other co-morbidity worsens prognosis of iNPH, is
overwhelming (1,2,5,11). Previously, we found that beside
co-morbidity, the preoperative clinical state and the period
of time that hydrocephalus-related symptoms persisted
before treatment might influence the rehabilitation potency
as well (10).

In contrast, iNPH and other forms of chronic hydrocepha-
lus should have a comparable good prognosis if preoperative
preconditions are similarly favorable as in the most forms of
non-communicating hydrocephalus in younger patients. This
can be demonstrated with our data: iNPH with favorable
preconditions (low co-morbidity, only mild-moderate pre-
operative handicaps and/or with short anamnesis) had a
shunt success rate that was quite similar to other forms of
chronic hydrocephalus (non-communicating hydroceph-
alus of younger patients), which are typically claimed to
have a better prognosis compared with iNPH. Probably even
more impressive was that with favorable preconditions,
iNPH patients clearly had a better chance of benefiting from
shunting compared to non-iNPH hydrocephalus patients
with worse preoperative preconditions. For us, the most
amazing finding was the over 80% chance for iNPH patients
with favorable preconditions (especially a low CMI) to ben-
efit from shunting even beyond 80 years of age, indicating
that age per se must be not taken as an argument against
shunting in otherwise “healthy” iNPH patients. Our findings
also argue against an older paradigm whereupon the best
shunt candidates would be those presenting the complete
triad. Our data indicate that any prolongation of treatment
can reduce the chance of rehabilitation.

iNPH has the same prognosis as any other chronic hydro-
cephalus with comparable preconditions. The problem with
iNPH, however, is that the cohort often consists of patients
who are older, who have more serious co-morbidity and who
are mostly diagnosed late compared to patients with other
types of chronic hydrocephalus. The odds ratios of non-
iNPH versus iNPH patients to suffer from no or only one
co-morbidity are 7.8 and 4.1, respectively, which is con-
trasted by an odds ratio of 0.17 each for patients suffering
from two or three co-morbidities. Similarly, the chance of an
iNPH patient to present with only one worse precondition
(e.g. only long anamnesis or only worse CMI or only worse
KI) instead of having two or three worse preconditions (e.g.
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long anamnesis AND worse CMI AND worse KI) is 11-fold
lower than in patients with non-iNPH.

The worse prognosis of iNPH — from a clinical perspec-
tive — is apparently solely an epiphenomenon due to the fact
that the chance for favorable preconditions is more than
tenfold lower in the iNPH cohort than in other chronic
forms of hydrocephalus.

Conclusion

iNPH per se does not indicate a worse prognosis, but instead
has a similar rehabilitation potency as any other chronic
hydrocephalus with similar preconditions. However, the fre-
quency of patients with favorable preconditions and iNPH is
more than tenfold lower than in other forms of chronic hydro-
cephalus. The fact that the group of iNPH patients typically
includes a preponderance of hydrocephalics with worse pre-
conditions causes the apparent overall worse outcome, but is
in reality only an epiphenomenon of the precondition state.
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Gravitational Shunt Complications After a Five-Year Follow-Up

Michael Kiefer and Regina Eymann

Abstract

Introduction Gravitational shunts (G-valves) for ventriculo-
peritoneal (VP) shunting have been available since 1996.
We analyzed shunt complications in patients with a complete
minimum follow-up of 5 years.

Material and Methods Between 1996 and 2002, we implanted
282 VP G-valves in various forms of adult chronic hydroceph-
alus, of which 130 provided a complete data set with an annual
follow-up. Adjustable and non-adjustable G-valves were used:
the Miethke Dual-Switch valve, the Miethke GAV-valve and a
combination of adjustable Codman-Hakim valves with the
Miethke Shunt-Assistant. In cases of supposed mechanical shunt
failure, the explanted shunts were examined in a bench test.

Results The total complication rate was 21%:3% shunt
infections, 3% catheter dislocation/fracture, 5% underdrain-
age and 9% overdrainage occurred. Half of the overdrainage
complications could be managed conservatively. Under-
drainage complications resulted from the chosen opening
pressure being too high (n = 3), a secondary increase in
intraperitoneal pressure (n = 2) or from “real” shunt failure
in one case according to bench test results.

Conclusion G-valves demonstrate sufficient long-term per-
formance over multiple years, and real shunt-related compli-
cations are rare. The frequency of revision due to overdrainage
is low (4.5%).

Keywords Hydrocephalus ¢ iNPH ¢ shunt ¢ gravitational
shunts » complication ¢ disconnection ¢ dislocation ¢ shunt
infections ¢ overdrainage ¢ underdrainage

M. Kiefer (B<)

Department of Neurosurgery, Saarland University Medical School,
Kirrberger Street, Building: 90.1, Homburg-Saar 66421, Germany
e-mail: Michael.Kiefer @uks.eu

R. Eymann
Department of Neurosurgery, Medical School, Saarland University,
Kirrberger Street, Building 90, Homburg-Saar, Saarland 66421, Germany

Z. Czernicki et al. (eds.), Brain Edema XIV, Acta Neurochirurgica Supplementum Vol. 106,

DOI 10.1007/978-3-211-98811-4_18, © Springer-Verlag/Wien 2010

Introduction

The introduction of modern shunts in hydrocephalus ther-
apy in the 1950s revolutionized hydrocephalus therapy.
Given that they are usually necessary for the whole life of
the patient, the fact that up to 50% of the shunts must be
revised within 10 years after implantation (3,6,8,15) seems
unacceptably high. The failure rates are obviously indepen-
dent of the shunt type used (1,4,9,17), as the few existing
prospective randomized trials have demonstrated. One rea-
son for shunt revision is shunt infection that may be reduced
with the usage of antibiotic-impregnated catheters (5).
However, another important source of shunt failure is
valve-related failure, with 30-70% of shunt revisions being
due to hydraulic mismanagement (1). Classical differential
pressure (DP) valves must overdrain in an upright position
if their opening pressure (OP) has been chosen for suffi-
cient drainage while lying. In contrast, when choosing a
high OP to avoid overdrainage, drainage in a lying position
is insufficient as demonstrated by observations of poor
clinical results (1). Most measures or technical solutions to
overcome this obvious paradox reduce the overdrainage
rate at the cost of increased underdrainage, and vice versa.
Based on the basic principles that were developed two
decades ago by S. Hakim and independently by Yamada
(16), gravitational valves (G-valves) for ventriculo-perito-
neal and/or atrial insertion have been generally available
since the mid-1990s. G-valves vary their OP depending on
posture and should overcome hydraulic mismanagement
accordingly (10,11,13). Initial experiences with G-valves
were favorable (10—12,14), but data with longer follow-ups
are lacking.

As one of the first neurosurgical departments worldwide
which routinely use G-valves, we have a large body of expe-
rience regarding the long-term performance and failures of
these valves. In a retrospective study, we analyzed the per-
formance and failures of G-valves with a minimal follow-up
of 5 years.
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Material and Methods

Between 1996 and 2002, a total of 268 gravitational shunts
were implanted in our department to treat various forms of
chronic hydrocephalus. Normal follow-up examination was
performed three and 12 months postoperatively, and thereaf-
ter, annually. The minimal follow-up was 5 years and the aver-
age follow-up was 8.1 + 1.7 years (range: 5-11 years). Only
patients with the minimal follow-up of 5 years when their
follow-up could be performed as described were considered.
If only one follow-up examination was lacking, the patients
were excluded. Another precondition for inclusion in this
study was that the last follow-up should not date back more
than 14 months. Besides clinical examination, cerebral com-
puter tomography (CCT) was performed at every check-up,
even if the patient was asymptomatic. In the case of com-
plaints or given signs of complications, the patients were
checked in addition to the control routine. During the follow-
up, 49 patients were lost as a consequence of non-shunt-related
mortality (n = 12) and 32 patients moved and the follow-up (if
any) that was performed in another department was not com-
patible with the study protocol. Five patients were “lost with-
out a trace.” Due to incomplete data sets lacking at least one
follow-up examination or one CCT check, 89 patients had to
be excluded from the analysis. In most instances (n = 72),
patients were not willing to come for the annual check-up or
refused CCT if they were asymptomatic, but we also excluded
these patients for reasons of scientific rigor (otherwise asymp-
tomatic subdurals may have been overseen and the patients
could have been counted as lacking any complication). The
endpoints of the study were a completely documented unevent-
ful clinical course of a minimum of 5 years with a maximum
of 14 months backdated to the last follow-up examination, or
a shunt explantation independent of the underlying reason for
the original shunt insertion.

Shunts All patients were provided with ventriculo-perito-
neal (VP) adjustable or non-adjustable gravitational shunts.
The Aesculap-Miethke Dual-Switch valve (DSV) (Miethke
KG, Potsdam, Germany) was the first available G-valve, and
therefore the most often used (n = 82) between 1996 and
2002 (10). The Aesculap-Miethke Shunt-Assistant (Miethke
KG, Potsdam, Germany) combined with an adjustable
Codman-Hakim valve (Codman, Johnson and Johnson,
Boston, MA, USA) (CHSA) was used in 25 studied patients
throughout the study period, but was used mostly in patients
with non-communicating hydrocephalus because at that
time, it was the only adjustable G-valve used in our depart-
ment (10,11). With the launch of the Aesculap-Miethke
Gravity-Assisted Valve (GAV) (Miethke KG, Potsdam,
Germany) in 2002, this valve was commonly used instead of
the DSV (13). The distribution of treated pathologies was
quite different between the three valve types (p < 0.0002).
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The DSV was mainly used for idiopathic normal pressure
hydrocephalus (iNPH) (n = 64) and secondary normal pres-
sure hydrocephalus (sNPH) (n = 13), while only five patients
with non-communicating hydrocephalus received this valve.
This is contrasted by the usage of the CHSA chiefly in non-
communicating hydrocephalus (92%), while only two
patients with iNPH were provided with this configuration.
SNPH, non-communicating hydrocephalus and iNPH were
diagnosed in 11, 6 and 6 patients who received the GAYV,
respectively. The opening pressure of the DSV was 8/40 cm
HZO in 19 patients, 10/40 cm HZO in 21 patients, and 13/40
cm H,O in 36 patients, while the remaining six patients
received DSV valves with a lower opening pressure (30 cm
H,0) for the upright position and an opening pressure
between 8 cm H,O and 13 cm H,0O for the lying position.
The most often used opening pressures of the GAV were
5/35cm H,O (n = 11) and 5/40 cm H,O (n = 10), while only
one patient each received a 5/30 cm H,0 GAV and a 10/40 cm
H,O GAV. The opening pressure of the 25 Shunt-Assistants
ranged between 20 cm H,O and 35 cm H, O, depending on the
hydrostatic pressure. The opening pressure of the adjustable
Codman-Hakim valve was, as part of the protocol of another
study, initially set at 20 cm H,O and thereafter decreased step-
wise (11). During the year 2002, we routinely used, in addi-
tion to perioperative systemic antibiotics,
antibiotic-impregnated ~catheters (Bactiseal®, Codman,
Johnson and Johnson, Boston, MA, USA) (5).

The definitions used for over- and underdrainage, for pri-
mary shunt infections have been described in detail elsewhere
(5,10), and were also applied in this study because they are
the standard in our department. To characterize the severity of
complications, we separated mild, moderate and severe com-
plications. Signs or symptoms that did not require shunt revi-
sion and could accordingly be treated conservatively were
termed “mild”. Moderate and severe complications were
characterized by the fact that operative revision was neces-
sary. If the revision required immediate emergency interven-
tion, we termed it as a “severe complication,” while elective
revisions were characterized as “moderate complications”.

Shunts that had to be explanted due to supposed hydraulic
mismanagement were preserved in 0.9% NaCl solution and
sent to the manufacturer for a bench test of the valves’ perfor-
mance. To avoid misinterpretations, obviously underdraining
shunts were not flushed, which may have removed particles
(of any origin) in the valve that obstructed the pathway. Cases
of supposed hydraulic mismanagement as the reason for
shunt explanation were only included in the study when the
results of the bench test were available. The data were avail-
able for all patients who reached this endpoint of the study.
Statistics Mann—Whitney U, Spearman, Kruskal-Wallis,
ANOVA and y>-tests at a significance level of p < 0.05
were used.
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Results

Overall, 27 complications were registered during the study
period, giving a Kaplan-Meier “shunt-survival rate” of 79%
after a maximum of 11 years (Fig. 1). Primary shunt infec-
tions and disconnections each occurred in 3% of the patients.
Overdrainage necessitating shunt revision was found in 5%
of patients, while overdrainage requiring no revision was
observed in 4% of the patients (Fig. 2). The consequences of
overdrainage that could be managed conservatively given
asymptomatic small subdural effusions (<1.5 cm thickness)
without mass effects. These subdurals were resolved in two
patients in the DSV group without any measures taken.
Another three patients from the DSV group suffered from

Fig.1 “Shunt survival” according to the
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orthostatic headache and were successfully treated with
increased fluid uptake. Two patients in the DSV group had,
as consequence of overdrainage, slit ventricles after shunting
that led to proximal shunt failure necessitating revision.
Another two DSV patients had subdural effusions with mod-
erate mass effects, which had to be removed operatively. All
four overdrainage cases of DSV resulted from a hydrostatic
compensation that was initially too low, and a new DSV with
higher opening pressure was inserted at revision. Bench tests
of these four valves demonstrated normal function according
to their specification. One small subdural effusion in the
CHSA group was cured by increasing the valve’s opening
pressure. One case of orthostatic headache and one case of
bilateral subdural effusion in the CHSA group did not

Kaplan—Meier method for all shunts, and 3 100 ¥
separately for Dual-Switch valves (DSV), @
Gravity-Assisted valves (GAV), and the E 90 -
combination of adjustable Codman- 5 R
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Fig.2 Observed complications separated for
the three studied shunts. It is essential to
understand that complication rates refer to
the number of studied valves in each group
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improve with opening pressures’ resetting on the valves’
maximal opening pressure (20 cm H,0), and operative revi-
sion was necessary in both cases. Again, the reason for
overdrainage in both cases was a hydrostatic compensation
that was too low, as the bench test results of both explanted
Shunt-Assistants revealed no abnormalities. Overdrainage
exclusively occurred within the first weeks after shunting in
both CHSA and DSV.

In contrast, six patients were diagnosed to be suffering
from underdrainage. Underdrainage was found throughout
the study period. In at least one case, underdrainage was
attributed to be a direct consequence of shunt failure that
was confirmed during in-vitro bench tests. In this specific
case, the Tantalum ball of a Shunt-Assistant was stuck and
closed the valve permanently. In the remaining five cases of
underdrainage, bench tests demonstrated that the valves’
performance was within the ranges of tolerance, and these
were regarded as functional. A massive weight gain after
shunt implantation with a concomitant increase in intraperi-
toneal pressure was the underlying reason for functional
underdrainage in the two patients from the CHSA group.
A resetting of the valves’ opening pressure to its mini-
mum (3 cm HZO) could not overcome underdrainage, and
operative revision with the implantation of a Shunt-Assistant
with a lower opening pressure was necessary. The reason for
the functional underdrainage of the remaining three patients
in the GAV group was clearly due to an opening pressure
that was initially too high in these severely disabled, bedrid-
den sNPH patients. Exchange of the valve and using valves
with lower opening pressures for both the upright and lying
positions cured the symptoms of underdrainage.
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Fig.3 Severity of shunt complications:
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Interesting only from a historical perspective because the
underlying systemic weakness has been corrected by the man-
ufacturer, four cases of catheter fracture in the DSV group
were discovered. Typically, these fractures occurred near the
valve itself, directly beyond the inlet or outlet of the catheter
from the valves’ housing where the catheters had been fixed.
We only observed this phenomenon in DSV valves.

The vast majority of complications (18%) were mild or
moderate and were definitely not life-threatening. Only 3%
of the observed complications were termed “severe compli-
cations” according to our definition (Fig. 3). Comparing the
three different valves and the distribution of the severity of
complications, it must be stressed that these data are biased
by the fact that the apparent worse results of GAV valves
resulted from the fact that two of the shunt infections, which
by definition are termed ‘“severe,” occurred in this, the
smallest group. Both shunt infections occurred in sSNPH
patients who were shunted after a long preceding period of
intensive care unit (ICU) treatment, which increases shunt
infection risk because normal skin flora typically becomes
exchanged and typical nosocomial bacteria dominate the
skin flora.

Discussion

The provided data must be interpreted with care for several
reasons. Most importantly, the data include the learning
curve of both authors with the usage of G-valves, when they
were first launched in the 1990s. The correct choice for the

H severe

o

frequency of different complications' severity in %

apparent differences between the studied
shunt types must be regarded against the
divergent numbers for a correct validation

CHSA (n = 25) GAV (n = 23)

overall (n
=130)
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optimal opening pressure of G-valves was not so clear
initially. Furthermore, the consequences of the choice of the
opening pressure of the two different types of G-valves — the
counterbalancer type and the switcher type — was also not
yet clarified (13). With this in mind, the initial opening pres-
sures that were obviously too high or too low in seven
patients (5%) must be understood. Meanwhile, a better
understanding of the different G-valves’ function allows a
more precise selection of the optimal opening pressure.
Furthermore, it must be stressed that this retrospective anal-
ysis cannot compare the performances of the three tested
shunt types. The size and constitution of the groups are too
divergent to allow any meaningful conclusions. The fact that
we excluded any patient without a complete data set might
also be considered a weakness of this analysis, because by
doing so, we lost 89 patients. However, because clinically
unapparent overdrainage could be recognized in some
instances only with early imaging performed after shunting,
abandonment of such data could adulterate the results in
both directions.

Yet, we found it worthwhile to analyze these data because
they provide the first long-term experience (8 years in aver-
age, and maximally 11 years) of G-valves’ performance.
Furthermore, the fact that each explanted valve has been
studied in a bench test to determine whether hydraulic mis-
management came from poor valve performance or whether
it was due to a functional under- or overdrainage, strength-
ens the scientific rigor of this analysis.

The “shunt survival rate” as a measured value of a valve’s
performance is rightly under debate from our perspective,
because it depends so much on the investigators’ vigilance in
recognizing minor shunt complications. It is undefined how
precisely and by which means secondary non-responders
must be separated from patients suffering functional underd-
rainage. The general lack of definitions of the severity of
shunt complications makes the “shunt survival rate” a rela-
tively weak tool to compare different shunt-types. However,
in the absence of alternatives, it is the first figure that has to
be compared. In contrast to the literature that describes shunt
failure rates of 20-40% (2,3,7,8,17) after a significantly
shorter follow-up, our “shunt survival rate” of about 80%
after an average follow-up of 8 years appears favorable.
Another factor to use in assessing shunt performance is the
severity of complications. An overall low complication rate
means nothing if the majority of the complications are life-
threatening. A valve with a higher failure rate, but a lower
risk profile may be superior. Again, lacking generally
accepted definitions of the severity of shunt complications
impedes comparisons with the literature. Similarly, as in
most series of adult shunt surgery over the last decade, our
shunt-related mortality was 0% (8). However, severe com-
plications with permanent deficits have recently been shown
to occur in 6% of patients (2,7,8,17). In our analysis, there

1m

was not any permanent deficit due to shunt failure. What we
termed a severe complication is often regarded as a moderate
complication. From this viewpoint, G-valves may have a
favorable risk profile compared with other valve designs.

The specific aim of G-valve design is to overcome overd-
rainage without increasing the underdrainage rate (1). Regarding
our observed over- and underdrainage rates necessitating opera-
tive revisions of 5% each and comparing these figures with the
literature, the performance of G-valves again appears favorable
(1,3,8). The fact that hydraulic mismanagement resulted directly
from shunt failure in only one case, while all remaining cases
resulted from functional over- or underdrainage due to poorly
chosen opening pressures or unexpected alterations of intraperi-
toneal pressure is promising.

One systemic weakness of G-valves has been discovered
with the finding of catheter fracture of the DSV beyond the
catheters’ inlet or outlet of the housing. This may be due to
shearing forces in a short region of the catheter where it
leaves the housing in the transient zone of the rigid housing.
This may also be due to immunological reactions against the
subcutaneously-fixed catheter silicone. It typically took sev-
eral years for this complication to occur. The manufacturer
has fixed this problem by reinforcing the material of this
critical region, but we lack the experience to determine
whether the problem has been overcome by this change.

Conclusion

From a long-term perspective, the frequency and profile of
G-valve complications appear comparatively favorable. For
definitive conclusions, however, prospectively randomized
series are needed.

Conflict of interest statement Dr.Kiefer has received some hono-
raria from Codman and Aesculap to speak about hydrocephalus. Issues
of this paper were not involved.
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Is It Possible to Minimize Overdrainage Complications with
Gravitational Units in Patients with Idiopathic Normal Pressure
Hydrocephalus? Protocol of the Randomized Controlled SVASONA

Trial (ISRCTN51046698)

J. Lemcke, U. Meier, C. Miiller, M. Fritsch, R. Eymann, M. Kiefer, U. Kehler, N. Langer, V. Rohde, H-Ch. Ludwig, F. Weber,

V. Remenez, M. Schuhmann, and D. Stengel

Abstract Overdrainage is acommon complication observed
after shunting patients with idiopathic normal-pressure
hydrocephalus (iNPH), with an estimated incidence up to
25%. Gravitational units that counterbalance intracranial
pressure changes were developed to overcome this problem.
We will set out to investigate whether the combination of
a programmable valve and a gravitational unit (proGAYV,
Aesculap/Miethke, Germany) is capable of reducing the
incidence of overdrainage and improving patient-centered
outcomes compared to a conventional programmable valve
(Medos-Codman, Johnson & Johnson, Germany).
SVASONA is a pragmatic randomized controlled trial
conducted at seven centers in Germany. Patients with a high
probability of iNPH (based on clinical signs and symptoms,
lumbar infusion and/or tap test, cranial computed tomogra-
phy [CCT]) and no contraindications for surgical drainage
will randomly be assigned to receive (1) a shunt assistant
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valve (proGAV) or (2) a conventional, programmable shunt
valve (programmable Medos-Codman).

We will test the primary hypothesis that the experimen-
tal device reduces the rate of overdrainage from 25% to
10%. As secondary analyses, we will measure iNPH-spe-
cific outcomes (i.e., the Black grading scale and the NPH
Recovery Rate), generic quality of life (Short Form 36), and
complications and serious adverse events (SAE). One
planned interim analysis for safety and efficacy will be
performed halfway through the study. To detect the hypoth-
esized difference in the incidence of overdrainage with a
type I error of 5% and a type II error of 20%, correcting for
multiple testing and an anticipated dropout rate of 10%,
200 patients will be enrolled.

The presented trial is currently recruiting patients, with
the first results predicted to be available in late 2008.

Keywords Overdrainage ¢ gravitational e
¢ hydrocephalus ® SVASONA trial

idiopathic

Background

In the Dutch Normal-Pressure Hydrocephalus Study, improve-
ment was found in 74% (95% confidence interval [CI] 59-85%)
of patients randomized to low-pressure shunts (Medos-Hakim
valve, Johnson & Johnson) as compared to 53% (95% CI
38-68%) with medium-pressure shunts (3). This was, however,
accompanied by complication rates of 51% (95% CI 37-65%)
and 28% (95% CI 15-41%), respectively. In our own clinical
series of 128 patients undergoing shunting with a Miethke dual-
switch valve (Aesculap/Miethke), good or excellent outcomes
were achieved in 63% (95% CI 54-71%) of all subjects (7).
Tuning the opening pressure to the individual patient’s
optimum level is a challenging task. A mismatch commonly
leads to siphoning and overdrainage, which manifests if
the patient rises from the supine into an upright position.
Overdrainage is the adverse shunting event that is most
important and difficult to control. If intractable after pres-
sure adjustment, surgical shunt revision may be necessary.
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Recently, a programmable valve with a gravitational unit
(proGAV) (1) that is able to compensate intracranial pres-
sure (ICP) changes with different body positions was devel-
oped. It was recently FDA-approved and showed promising
effects in an early clinical sample of patients for whom con-
ventional approaches for relieving the symptoms of overd-
rainage had failed (8,10).

It is, however, unclear whether supplementation of estab-
lished shunt systems with the shunt assistant leads to a clini-
cally relevant decrease in the incidence of symptomatic and/or
therapeutically relevant overdrainage (4). In this pragmatic,
multicenter RCT, we aim to demonstrate that shunt-assisted
drainage of CSF lowers the incidence of overdrainage in adults
with iNPH and improves patient-centered outcomes.

Methods and Design

Eligible patients will be randomized according to a computer-gen-
erated list with permutated blocks to undergo shunting with:

1. The shunt-assistant valve (proGAV, Aesculap/Miethke,
Germany, experimental arm). The proGAV device aims to
control overdrainage in addition to another valve. The
gravity of a tantalum sphere counterbalances the negative
hydrostatic pressure in the shunt system of the patient. It
works independent of posture and subcutaneous pressure.
Technical details of the implant have previously been
described (1).

2. The established Medos-Codman programmable valve
system (Johnson & Johnson, Germany, control arm) (9).
This is a device that provides constant intraventricular
pressure and drainage of CSF. It features 18 pressure
ranges. These ranges enable subtle alterations to the open-
ing pressure. Each adjustment can easily be made through
a programmer interface.

Random codes will be sealed in opaque envelopes, stored in
the operating theatres, and opened immediately before implan-
tation. The opening pressure of both devices will initially
be set at 100 mm H,O. After 3 months, both valves will be
programmed to 70 mm H,O (low pressure setting). A resetting
to 100 mmH,O or more represents an endpoint of the study.
No other changes in post-operative aftercare or further treatment
will apply for study purposes.

Primary Hypothesis

We will test the primary hypothesis that draining with the
proGAYV device decreases the rate of overdrainage from 25%
to 10% compared to the Medos-Codman shunt 3 months
after index surgery.

J. Lemcke et al.

Overdrainage will be assumed in case of (1) clinical signs
and symptoms suggestive of overdrainage (e.g., headache,
vomiting, dizziness), (2) imaging results (e.g., subdural
hematoma, slit-ventricle syndrome), and/or (3) any thera-
peutic interventions intended to resolve overdrainage.

Secondary Outcomes

Specific iNPH outcomes (i.e., the Black grading scale (2)
and NPH Recovery Rate) and generic quality of life (Short-
Form [SF] 36, German Version 2.0) will be measured after 3
and 6 months, and, optionally, after 1 year of follow-up.

Complications and adverse events will synoptically be
recorded and reviewed during regular investigators’ meet-
ings. Halfway through the study, the clinical investigators
together with the statistical consultant will perform an
exploratory safety analysis and decide whether to proceed or
to stop patient recruitment.

Trial Flow, Documentation, and Follow-Up

The trial flow resembles clinical practice and, apart from
screening and baseline documentation, stipulates two schedu-
led follow-up visits at 3 and 6 months, both of which
include a clinical examination (5,6), recording of iNPH
outcome scales, and a CCT scan. Investigators are free to
invite patients for a 1 year follow-up examination. CCT
images will be independently rated by two investigators to
(1) verify compliance with trial entry criteria and detect vio-
lations of exclusion criteria and (2) validate the radiological
diagnosis of overdrainage.

Conclusion

The SVASONA trial is now recruiting and we hope to present
first results by the end of 2008. If the hypothesized difference in
overdrainage rates can be proven, the shunt-assistant valve may
evolve as the new standard of care for patients with iNPH.

Conflict of interest statement We declare that we have no conflict of
interest.
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Early Shunting Using the Parallel Shunt System in Hemorrhagic
Hydrocephalus: In Vitro Testing of Handling, Technical Complications

and Clogging Rate

F. Al-Zain, U. Meier, and J. Lemcke

Abstract In order to minimize the duration of external
cerebrospinal fluid (CSF) drainage after hemorrhagic
hydrocephalus we are testing a parallel shunt system that
can be implanted very early after bleeding. It should be
able to tolerate a high load of protein and blood in the CSF.
After clearance of the CSF, the valveless arm of the shunt
is closed by a percutaneous manipulation and the valve-arm
is opened.

Keywords Hemorrhagic hydrocephalus e parallel shunt
system e infection rate

Introduction

The current standard of care in intraventricular haemorrhage
(IVH) in adults is an external ventricular drainage (EVD)
system to monitor the intracranial pressure and treat hydro-
cephalus and to drain the bloody cerebrospinal fluid. After
IVH, erythrocytes and high protein concentrations are sus-
tained in the CSF for a long time. This requires a long-standing
external CSF drainage before shunting. The reported infection
risk of this two-step procedure ranges up to 50%. The purpose
of this study is to significantly decrease the rate of ventriculi-
tis by early shunting using a parallel dual shunt after a maximum
of 5 days of EVD.

Materials and Methods

After insertion of an EVD system into all patients, a further
procedure is carried out in a randomized exploratory phase-
II study with 15 patients in each patient group. One patient
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group will undergo early shunting on days 3-5 after EVD
according to the CSF properties and radio-morphological
findings (Fig. 1, Table 1), and early shunting is carried out
with the parallel dual shunt system (modified by Pizzi)
(Fig. 2). The other sample group will undergo late shunting
after normalization of the CSF-properties. The optimal time
for closing the valveless arm depends on radiological crite-
ria. For conformation, puncture of the burr-hole reservoir for
analysing the CSF properties is optional. The patients will be
followed up by the Glasgow Outcome Scale. Blood infection
parameter and serial cranial CT will be carried out in the
follow-up during the in-hospital period, after 4 weeks and
after 3 months (Table 2). Two parallel shunt systems are
implanted, sharing one burr-hole and ventricular catheter
with a larger diameter (1.5 mm), coupled by a Y-connector
and one peritoneal catheter. One end of this arrangement
carries an Integra Hakim valve system (Integra Neuroscience,
Germany). To prevent blood from passing through the valve
arm, an up-stream on—off switch has been introduced. The
other end is a valveless shunt with low filtration properties
and an upstream on—off switch. The position of the upper
part of the body and head will regulate the CSF flow rate in
the valveless arm. The optimal time of closing this arm has
been previously mentioned. We are about to develop a divert-
ing unit to replace the first Y-connector and the two upstream
on—off switches that can be adjusted on either one of the
arrangement’s arms by an external magnetic device. In vitro-
testing was done in our hospital with bloody CSF-like
artificial solution in numerous valve systems.

Results

We will primarily record the number of infections, handling
issues, technical complications, and treatment successes in
terms of imaging and outcome scoring results. In this
hypothesis-generating, randomized phase-II trial, we set out
to describe the feasibility, safety, and tolerability of this
technique compared to the current standard of care.

17
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Fig. 1 Example of the GRAEB
classification for radiomorphological
grading severity of IVH: 1 left lateral
ventricle + 1 right lateral ventricle + 1
third ventricle (blood without expansion)
+ 1 fourth ventricle (blood without
expansion) = total score 4

Table 1 A GRAEB score >6 is an exclusion criterion for implanting
our shunt system

Lateral (each ventricle is

Points  scored separately) Third and fourth ventricle

1 Trace of blood or mild Blood present, ventricle
bleeding size normal
2 Less than the half ventricle Ventricle filled with blood
filled with blood and expanded
3 More than the half ventricle
filled with blood
4 Ventricle filled with blood
and expanded
4x2 2x2
Discussion

Due to the perforation of the physiological barriers by the
external ventricular drainage, infections of the cerebrospinal
fluid are one of the most common complications of EVD
systems (3, 4, 7, 10). Whilst gram—positive coccoids of
physiological skin flora dominate the microbiological
findings in the international literature, the infection rate
correlates with the duration of the external ventricular CSF
drainage system (5, 6, 8, 9, 11-18). Infection rates of up to

Table 2 Follow-up scheme for the pilot study

Fig.2 Prototype of the parallel shunt system

F. Al-Zain et al.

Baseline Preop. Postop. (24 h) 1 Week 4 Weeks 3 Months
Clinical examination X X X X X
CSF study X X X
CT-scan X X X X X X
Glasgow Outcome Scale X X X
C-reactive protein X X X X X
AE and SAE X X X X
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50% (1, 2) have been published. Against this background the
duration of external CSF drainage should be minimized by
the early implantation of a shunt system.

Conclusion

If the modified shunt system proves safe and effective (that
is, if it allows for early shunting with a low infection rate), it
is likely to change therapeutic principles in IVH
management.

Conflict of interest statement We declare that we have no conflict of
interest.
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Intracranial Irregularities Beside Hydrocephalus in H-Tx Rats

Michael Kiefer, Guenther Schneider, and Regina Eymann

Abstract

Introduction It has been well documented that up to 70%
of H-Tx rats’ offspring suffer from severe hydrocephalus,
which can be fatal if it remains untreated. Some offspring
also have non-fatal moderate hydrocephalus allowing a nor-
mal life expectancy. The objective of this study was finding
other morphological intracranial abnormalities that are not
directly related to hydrocephalus.

Method An MRT for small animals (Bruker, Biospec, Erlangen
Germany) with a 2.4 T magnet at 100 MHz has been used to
study 98 apparently non-hydrocephalic H-Tx rats. T2-weighted
2D-RARE, T2-weighted 3D-Turbo-RARE sequence and
T1-weighted 3D-gradient-echo sequences were used.

Results Apart from 36% of animals with moderate or mild
hydrocephalus, we found one animal with a cystic cerebellar
malformation similar to an arachnoid cyst with minimal space
occupying effects. Nine rats had a mild or moderate-sized
unilateral enlargement of one lateral ventricle, but a causative
occlusion of the Foramen of Monroe could not be verified.
Finally, one animal with huge hydrocephalus had a midline
cystic malformation between both cerebral hemispheres.

Conclusion Aside from the well-documented hydrocepha-
lus, H-Tx rats may develop other intracranial malformations
that have not yet been documented in the literature.

Keywords Hydrocephalus ¢ H-Tx rats ¢ arachnoid cyst
e unilateral hydrocephalus ¢ midline cyst ¢ midline
malformation
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Introduction

H-Tx rats typically have inherited hydrocephalus with ven-
tricular dilatation starting in late gestation due to obstruction
of the cerebral aqueduct (7,13). Depending on environment,
parity and other factors (5), the frequency of severely affected
pups varies between 15% and 70% (11,13), which is compat-
ible with the mode of inheritance of hydrocephalus (5).
Untreated severely affected rats die from intracranial pressure
excess at 4-6 weeks of age. Severely affected animals suffer
from non-communicating hydrocephalus due to aqueduct
stenosis normally, but some cases with probably different
underlying pathology may occur (1, 25).

While a milder hydrocephalus form characterized by a
later onset occasionally occurred in a colony maintained in
Florida (USA) (5), others have found higher frequencies of
moderate hydrocephalus in their colonies. A colony main-
tained in Japan was found with 5% and 14% moderate,
compensated and mild hydrocephalus, respectively
(20,23,27). The incidence of mild and moderate hydroceph-
alus, allowing long-term survival without treatment, was
36% in our colony.

The outer skull appearance allows the identification of
severely affected pups at day 1 or 2 after birth, but the skull
dimensions of animals with mild or moderate hydrocephalus
are similar to those of H-Tx rats without hydrocephalus nor-
mally (11). To identify specifically animals with moderate or
mild hydrocephalus, magnetic resonance imaging (MRI)
had to be performed on all animals that were not apparently
severely affected.

While the varying severity of hydrocephalus (5,11,20,
23,27), microstructural variations (11,18,20,25), genetical
alterations (5,6,8,19) and CSF hydrodynamics (9,10) have
been studied extensively in H-Tx rats, further intracranial
central nervous system (CNS) abnormalities apart from
hydrocephalus and alterations around the Foramen of Monro
(1) have not yet been described. We describe several
incidentally found alterations, which were found during
MRI scanning of our colony for mild and moderate
hydrocephalus.
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Materials and Methods

Animals

H-Tx rats bred at the Saarland University were convention-
ally housed rats that originated from three several inbred
pairs provided in 1996 by N.G. Harris, King’s College,
London. The strain was formed and maintained by strict
brother-sister mating. Male and female rats were not conti-
nuously paired to avoid newborns’ violations by male rats, as
observed in our H-Tx colony maintained during the 1980s.
The pairs were typically allowed to breed for three litters.
The F5-generation of this strain consisted of 16% severely,
overt hydrocephalic animals. This comparatively low inci-
dence of severely affected rats remained stable between F2
and F5 (range: 16-20%).

We studied 98 rats with MRI, which had no overt hydro-
cephalus at the inspection on day 2 after birth. The animals’
age at the time of examination was, on average, 6 + 2 months
(range: 3—8 months).

Anesthesia

Rats were anesthetized using 0.01% (RS)-(z)-2-(2-Chlor-
phenyl)- 2-(methylamino)cyclohexan-1-on (Ketavet®) (2 mL/
kg) and 2% 2-(2,6-Dimethylphenylamino)- 5,6-dihydro-4H-
thiazin (Rompun®) (0.2 mL/kg), intraperitoneally providing
sufficient narcosis for about 90 min without the need for
artificial ventilation.

MRI-Examination

All MR images were obtained using special scanner and a
special coil for small animals (Biospect®, Bruker, Erlangen
Germany), operating at 100 MHz in conjunction with a 2.4
T magnet. The imaging spectrometer was checked and cali-
brated weekly. Variations in the linear and angular distortion
from test images of standardized phantoms were calculated
and compensated for all three axes. Initially, a low resolution
scan was performed for localization. Three different
sequences were implemented for the examination, using the
following parameters:

o T2-weighted, 2D-RARE sequence: TR, 5000 ms; TE,
24 ms; matrix 256 x 192; FOV, 2 x 2 cm; Pulse Length,
2,000 us; 2 averages; RARE-factor, 8; slice thickness,
2 mm; interslice gap, 1 mm; 20 slices

e T2-weighted 3D-Turbo-RARE sequence: TR, 500 mis;
TE, 17 ms; matrix 256 x 256 x32; FOV, 2 x 2 cm; 1 aver-
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age; RARE-factor, 16; slap-thickness, 16 mm; effective
slice thickness, 0.5 mm

e Tl-weighted 3D-gradient-echo sequence: TR, 160 mis;
TE, 6.5 ms; pulse angle, 30°; matrix 256 x 128 x 64; FOV,
2 x 2 cm; 1 average; slap-thickness, 16 mm; effective
slice thickness, 0.25 mm

Typically the three sequences lasted no longer than 45 min.
Images were analyzed on a SUN-4 workstation. For scoring
the ventricular size, we used the T2-weighted 2D-RARE
sequences.

If atypical findings, as described here, were detected, the
T1-sequence was repeated approximately 10 min after con-
trast material injection. A total of 0.25 mmol/kg Gadolinium
diethylenetriaminepentaacetic acid (Gd-DTPA) solution was
injected via the tail vein.

According to Jones et al. (5), the brains were scored as
severe hydrocephalus when lateral ventricular dilatation was
visible on at least six images. If dilated lateral ventricles were
seen on 3—4 or 1-2 images, the hydrocephalus was termed
“moderate” or “mild,” respectively.

Ventriculo-Peritoneal Shunting
and Postoperative Monitoring

A borehole 2 mm in diameter was made 2 mm laterally and
2 mm behind the bregma using a microsurgical drill. Dura
mater was carefully coagulated and incised thereafter. The
cortical surface was coagulated too, and the lateral ventricle
was punctured using a silicone ventricular catheter with an
outer diameter of 0.7 mm. CSF flow was verified. Another of
our projects was to produce overdrainage in shunted rats.
Therefore, we drained about 0.8—1.0 mL CSF via ventricular
drainage before the catheter was subcutaneously tunneled
and inserted into the peritoneal cavity (12). MRI imaging as
described above for screening was performed as well, 2 days
after shunting.

Results

Mild or moderate hydrocephalus, which was restricted to the
lateral ventricles only, was seen in 35 of 98 (36%) examined
rats. None of these rats developed the typical symptoms of
raised intracranial pressure as seen in animals with severe
forms of hydrocephalus. Compared to normal controls and
non affected H-Tx rats, rats with a mild or moderate hydro-
cephalus were mentally retarded in general, which could be
seen in learning and balancing tests (X-maze test, balance
test) (unpublished data).
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Unilateral Enlarged Ventricle

Unilaterally mild (n = 4) or moderate (n = 5) enlarged
lateral ventricles together with a normal configuration for
the remaining ventricles could be demonstrated in nine H-Tx
rats (9%) (Fig. 1). No significant differences in learning and
balancing test results were found in comparison to unaf-
fected H-Tx rat. Obvious occluding lesions in or around the
Foramen of Monro could not be seen. If CSF circulation
disturbances caused ventricular enlargement, the causative
lesions in the Foramen of Monro must have been very small,
because lesions of minimally 0.25 mm diameter could have
been visualized with the MRI sequences used. The outer
CSF spaces on the affected hemisphere were not signifi-
cantly larger than on the unaffected side, which should have
been the case if local cerebral developmental deficits had
caused ex vaco enlargement of the ventricle. The histological
examination of these nine H-Tx rats with unilateral mild or
moderate ventricular enlargement might help to clarify the
etiology. T1-weighted Gd-DTPA images provided no further
information.

Midline Cyst

One of 98 screened animals without overt hydrocephalus
at the inspection on day 2 after birth and with normal
skull dimensions compared to H-Tx rats with overt hydro-
cephalus suffered unexpectedly from severe hydrocepha-
lus, as revealed by MRI (Fig. 2). Yet ventricular dilatation
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was restricted to the lateral ventricles exclusively supposing
bilateral Foramen of Monro occlusion. This animal per-
formed particularly worse in the balancing test. By MRI,
we saw a midline cyst extending from the region of the
bregma dorsally between both hemispheres. In an effort
to establish a model of overdrainage in severely affected
H-Tx rats by shunting in parallel, we decided to shunt and
overdrain this animal. The next MRI was performed 2
days after shunting, showing clearly the effects of overd-
rainage with subdural effusions over both cerebral hemi-
spheres. The shunted ventricle was subtotally collapsed,
while the contralateral ventricle was clearly decreased in
size. The remainder of intraventricular hemorrhage was
also visible in the shunted ventricle. Remarkably, the
midline cyst increased in size in the overdrained rat. This
finding indicates that the cyst did not communicate with
the outer CSF space.

Cerebellar Cyst

One of the 98 screened H-Tx rats presented with a right-
sided cerebellar cystic lesion (Fig. 3). It can be speculated
that this cystic lesion might be segmented, but this was not
clearly visible on MRI. The unfinished histological exami-
nation of this lesion will clarify this issue. However, MRI
demonstrates clearly that there is no or minimal mass effect
of the cystic lesion. T1-weighted images with Gd-DTPA did
not demonstrate any contrast medium affinity between the
cyst’s wall and its surrounding structures.

Fig. 1 Unilateral moderate enlarged lateral ventricle in coronal orientation. T2-weighted 3D-Turbo-RARE sequence
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Fig. 2 Interhemispheric midline cyst; upper row: clearly enlarged
dorsal part of lateral ventricles and an interhemispheric cystic lesion
before shunting; lower row: same animal after shunting and intended
overdrainage with left side collapsed and right side clearly shrunken

lateral ventricle, bilateral subdural effusions and intraventricular
hemorrhage in the shunted ventricle are visible. The midline cyst
appears larger than before shunting. T2-weighted 3D-Turbo-RARE
sequence

Fig. 3 Cerebellar cyst with minimal or lacking mass effect. Whether
gross anatomy of cerebellar hemispheres is distorted and the hemi-
spheres probably fused or whether most of the right cerebellar

Discussion

H-Tx rats are an inbred strain with inherited hydrocephalus
of a variable proportion in the offspring. At least three differ-
ent loci on different chromosomes have been identified to
have linkage to hydrocephalus (6). However, epigenetic phe-
nomena may have a significant influence on the frequency of
severely affected animals (6). In Kohn’s original colony,

hemisphere is lacking cannot be distinguished clearly. Similarly, it
cannot be determined whether the cyst is segmented. T2-weighted
3D-Turbo-RARE sequence

severe hydrocephalic offspring occurred in about 70% of the
pups, but other colonies produced severe hydrocephalic rats
withalower frequency (30-50%)(2,5,13,25,27). Interestingly
the incidence of severe hydrocephalus in our colonies was
comparatively low (15-20%) over two decades, despite our
receipt of inbred pairs from different colonies. The first col-
ony bred at the Saarland University was based upon inbred
pairs provided in the 1980s by the Max Planck Institute
Cologne (Germany). Our second and third bred colonies in
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the early and the late 1990s of the last century were derived
from colonies in Switzerland (G.Kaiser, Inselspital, Bern)
and the United Kingdom (NG. Harris, King’s Collage,
London). Nevertheless the frequency of severe hydrocepha-
lic offspring remained comparatively low. Yet in contrast to
other colonies, the incidence of mild or moderate hydro-
cephalic H-Tx rats was comparatively high (30-40%). Mild
or moderate hydrocephalic rats had normal life expectancy
but performed slightly worse compared to unaffected H-Tx
controls in balancing and learning tests (unpublished data).
H-Tx rats with mild or moderate forms of hydrocephalus,
which do not affect life expectancy, have also been reported
by colonies in Florida (USA) and Japan (20,23,25,27) with
an incidence between 4% and 15%, respectively. This varia-
tion in phenotypes between colonies is compatible with the
complex mode of inheritance, which can be proven by many
genetical analyses in H-Tx rats (5-8,19), given different hus-
bandry and breeding conditions (5). While severe hydro-
cephalus occurs in our colonies as well, mostly in the
presence of aqueduct stenosis, evidence exists that aqueduct
stenosis is not a necessary prerequisite for severe hydroceph-
alus in H-Tx rats (25), as observed in various H-Tx colonies
(11,13,21,27).

An underdevelopment of the subcommissural organ
(SCO), which can be found typically in hydrocephalic
H-Tx rats during late gestation, seems to play an important
role in the development of hydrocephalus (25). The linkage
between hydrocephalus and an underdeveloped SCO, how-
ever, is not fully understood. Before the SCO produces the
Reissner’s fiber during late gestation, it secretes soluble
glycoproteins that are important for normal cerebral ontog-
eny. Nestin is an intermediate filament protein expressed in
dividing cells during the early stages of CNS development.
Upon differentiation, nestin is typically downregulated.
During neuro- and gliogenesis, nestin is replaced by cell
type-specific intermediate filaments, e.g., neurofilaments
and glial fibrillary acidic protein (GFAP). Interestingly,
nestin expression is reinduced in the adults during patho-
logical situations, such as the formation of the glial scars
after CNS injury and in active hydrocephalus (4,24,26,28).
Normal SCO cells have nestin immunoreactivity regularly
(3), but, consistently with the underdevelopment of SCO in
(hydrocephalic) H-Tx rats, the nestin immunoreactivity
level is low in newborn H-Tx rats (25).

Against the background of an outstanding importance of
SCO function for normal cerebral ontogenesis, it is reason-
able to assume that hydrocephalus CNS abnormalities may
occur with defective SCO function during gestation.
Apparently, our colony is subject to specific epigenetic phe-
nomena that significantly affect the proportion of severe and
moderate hydrocephalic offspring. Given such obviously
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specific developmental aberrations (e.g., cerebellar cyst,
midline cyst) as reported here, these might also be the conse-
quence of abnormal SCO function.

While this is the first description of an obvious Foramen
of Monro obstruction in mature H-Tx rats leading to mild,
moderate or severe uni- or bilateral ventricular widening,
observations exist of alterations of the Foramen of Monro
and displaced choroid plexus in the anterior part of the
lateral ventricle of H-Tx rats during gestation (1). It has
been demonstrated that the Foramen of Monro may have
a smaller extent in H-Tx fetuses, and its orifice was
decreased further by a displaced choroid plexus (1). It
seems reasonable to assume that these fetal morphologi-
cal changes might also result in uni- or bilateral ventricu-
lar dilation in adult H-Tx rats. Notably, the alterations of
and around the Foramen of Monro precede the formation
of fetal aqueduct stenosis, which might explain the quite
high frequency of moderate or mild hydrocephalus in our
H-Tx colony. Supposing specifical local preconditions
provoking alteration of or around the Foramen of Monro,
a hydrocephalus evolution of the lateral ventricles might
be triggered before aqueduct stenosis can become relevant
for hydrocephalus development. If it develops later in
parallel its effect should be restricted because the pre-
ceeding Foramen of Monro occlusion represents the ear-
lier and accordingly most relevant CSF pathway
obstruction. Typically such hydrocephalus was restricted
to dilated lateral ventricles in the presence of a normal
sized third ventricle, suggesting the existence of bilateral
Foramen of Monro obstruction.

Overall, evidence exists suggesting a more generalized
developmental alteration of the neuroepithelium during
fetal development in H-Tx rats that may affect different
cerebral regions at different stages (1, 28). Such an altera-
tion may also be responsible for defective development of
the subarachnoidal space, culminating in alterations affect-
ing the midline and provoking an interhemispheric cyst, as
described here.

However, we do not think that the alterations seen in
H-Tx rats are closely related to the hereditary cerebellar
vermis defect (CVD), which has been reported in another rat
mutant (14,17). CVD rats suffer from agenesis of the cere-
bellar vermis, cerebellar cyst formation, fused cerebellar
hemispheres and a mildly disorganized microstructure of the
cerebellar hemispheres (14—17), which “clinically” results
in hind-leg paralysis. This manifestation is similar to the
“clinical” appearance of severely affected H-Tx rats some
days before they die due to excessive hydrocephalus and
not typical for the abnormality described here. Yet, the
genetic background of CVD and H-Tx rats is completely dif-
ferent (5,17).
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Conclusion

Apart from hydrocephalus, H-Tx rats may present with a
multitude of other CNS abnormalities, suggesting generali-
zed developmental alteration of the neuroepithelium during
fetal CNS development. This aberrant development may
affect different cerebral regions at different stages, possibly
influenced by as yet undiscovered epigenetic effects. This
explanation could potentially reconcile current disagreement
regarding whether or not aqueduct stenosis represents the
sole cause of hydrocephalus in H-Tx rats. Further research
will be necessary to completely understand the basic pathol-
ogy of H-Tx rats.

Conflict of interest statement Dr.Kiefer has received some honoraria
from Codman and Aesculap to speak about hydrocephalus. Issues of
this paper were not involved.
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Co-morbidity as a Predictor of Outcome in Patients
with Idiopathic Normal-Pressure Hydrocephalus

Ullrich Meier and Johannes Lemcke

Abstract

Introduction A critical question in the diagnosis and
treatment of idiopathic normal-pressure hydrocephalus
(iNPH) is which preoperative factors can most reliably predict
outcomes following shunt insertion. The number and type of
co-morbidities are increasingly being viewed as important
predictive indicators.

Materials and Methods Between 1997 and 2005, 100
patients were implanted with a gravitational ventriculo-
peritoneal shunt as a treatment for iNPH. All coincident
disease processes were recorded. Eighty-two of these patients
underwent follow-up of 2 years post-operation. The results of
this prospective follow-up examination (Kiefer Score, NPH
Recovery Rate) were compared with the preoperative
Co-morbidity Index (CMI).

Results Of the patients with a CMI score of 0-1 (n = 18),
67% experienced an excellent outcome, 28% a good out-
come, and 5% and 0% fair and poor outcomes, respectively.
A CMI score of 2-3 was associated with markedly poorer
outcomes (n = 33); 42% excellent, 30% good, 18% fair and
10% poor. A score of 4-5 was related to 14% excellent, 27%
good, 23% fair and 36% poor outcomes (n =22). Remarkably,
a few patients scoring between 6 and 8 on the CMI scale
experienced a favorable outcome. The outcomes for this lat-
ter group were 0% excellent, 10% good, 45% fair and 45%
poor (n=9).

Conclusion Co-morbidity is a statistically significant pre-
dictor of the quality of clinical outcome for patients with
iNPH undergoing shunt therapy.

Keywords Co-morbidity ¢ outcome e idiopathic normal-
pressure hydrocephalus (iNPH)
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Introduction

Patients with idiopathic normal-pressure hydrocephalus
(iNPH) are usually elderly and, as such, often present multiple
co-morbidities. In this prospective audit, we aim to evaluate
whether a Co-morbidity Index (CMI) (7) can be used to
provide a prognostic indicator for the quality of clinical out-
comes following shunt surgery for iNPH.

Materials and Methods

In the Department of Neurosurgery at the Unfallkrankenhaus
Berlin, Germany between September 1997 and July 2005,
100 patients were diagnosed with iNPH and treated surgically.
The 65 men and 35 women had an average age of 67 at
diagnosis (range 27-83). All patients underwent implanta-
tion of gravitational valves (54 x Miethke-Aesculap® Dual
switch valve, 20 x programmable Codman® Medos valve
with Miethke-Aesculap® gravitational assistant valve, 26 x
Miethke-Aesculap® proGAV). It was possible to follow-up
82 of these patients over a 2 year postoperative period.
Twelve patients died from causes unrelated to either the
shunt operation or their iNPH between 10 and 19 months
postoperatively (six from heart disease, three from neoplastic
disease, two from pneumonia and one from renal failure).
One patient died perioperatively from a pulmonary embolism
despite thromboprophylaxis (1% perioperative mortality).
Five patients were lost to follow-up.

Diagnosis

Patients who displayed gait ataxia in addition to other cardinal
symptoms of iNPH and who showed neuroradiological evidence
of ventricular enlargement were further assessed with an
intrathecal infusion test. To determine the individual CSF flow
parameters, a dynamic infusion test was performed via lumbar
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puncture using a computer-assisted constant flow technique
with an infusion rate of 2 mL/min. A resistance of 13 mmHg
or higher was defined as pathological. Immediately following
the dynamic infusion test a diagnostic drainage of at least
60 mL CSF was carried out using the same puncture site. An
improvement in the clinical picture over the ensuing 2 or 3
days served as an indication for the implantation of a ventric-
ulo-peritoneal shunt. If the patient’s symptoms, particularly
the gait ataxia, did not initially improve, then 2-3 days of fur-
ther external lumbar drainage was performed. Once more, if
symptoms improved over this period, shunting was initiated.

Clinical Grading

The Black Grading System for Shunt Assessment and the
NPH Recovery Rate (based on the clinical grading for NPH
by Kiefer) were used to express the results of the clinical
examinations. All graded examination results were split into
four clinical outcome groups; excellent (restoration of pre-
morbid activity levels), good (limited reduction in activity
levels), fair (partial improvement) and poor (transient or no
improvement). The first group was defined by an NPH
Recovery Rate of >7.5 (75-100% improvement), the second

U. Meier and J. Lemcke

By collecting the scores for each co-morbid disease process
found in Table 1, a CMI score of between 0 and 23 can be
calculated.

Results

Of the 82 patients studied, 29 (35%) experienced an excellent
outcome, 22 (27%) a good outcome and 16 (20%) a fair
outcome. Fifteen patients (18%) experienced a poor outcome.
Thus, 67 patients responded to treatment, for a responder
rate of 82%. Figure | graphically relates the preoperative
CMI score to the clinical outcomes of all iNPH patients
who underwent follow-up examinations postoperatively.
Ninety-five percent of patients with a CMI score of 0-1
achieved an excellent or good outcome. A CMI score of 2-3
was associated with a noticeable decrease in the quality of
outcomes (n = 33: excellent 42%, good 30%, fair 18%, poor
10%). Patients scoring 4-5 (n = 22: 14%, 27%, 23%, 36%) or

Table 1 Co-morbidity Index (CMI)
Risk factors 1 Point

2 Points 3 Points

by a rate of >5 (50-74% improvement), the third by a rate of Vascular Hypertension Dla,betes mellitus
52 (20-4 . d the f hb £ Aortofemoral Peripheral vascular
22 (20-49% improvement) and the fourth by a rate of < bypass disease
(partial improvement up to 19% or deterioration). Stent Vascular occlusion
Cerebro- Posterior
vascular circulatory Vascular
NPHGrading . —NPHGrading . insufficiency encephalopathy Cerebral
NPH Recovery Rate = = FEEE X0 ICA stenosis TIA/PRIND infarction
NPH Grading (Kiefer) . . ;
rover Cardiac Arrhythmia
Valve disease
Heart failure/stent
Co-morbidity Index (CMI) Aortocoronary
bypass
Myocardial
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CMI| 0-3 4 -8
Outcome
excellent 41 10
/ good
satisfactory 10 21
{ poor

Fig.2 Kiefer’'s CMI on postoperative outcomes in patients with iNPH
is associated with a sensitivity of 80% and a specificity of 68%

6-8 (n=9: 0%, 10%, 45%, 45%) on the preoperative CMI
scale experienced markedly poorer postoperative outcomes.

As a predictive tool, Kiefer’s CMI on postoperative out-
comes in patients with iNPH is associated with a sensitivity
of 80% and a specificity of 68%. Outcomes in patients with
a CMI score between 0 and 3 were significantly better than
those of patients with a CMI greater than 3 (Fig. 2).

Discussion

In all branches of medicine, a multidisciplinary approach
involving various specialties is necessary for two important
reasons. Firstly, for an intervention to be effective, it must be
ascertained that the observed symptoms are indeed caused
by the disease process targeted by the treatment method and
not by some other pathology. Secondly, it is important to
recognize situations in which the detrimental effect of co-
morbidity on the probable outcome of a given intervention is
such that little or no improvement can be expected. Both of
these possibilities represent a potential contraindication to
operative therapy (8.9).

Co-morbidity

A review of the international literature yields a mean reported
rate of co-morbidity in iNPH of 43% (5). Cerebrovascular
insufficiency is described in 45% of these patients. The most
common co-morbidity (78-100%) is vascular encephalopa-
thy. Parkinson’s disease or Parkinsonianism were present in
10% of cases, and 10% had histologically unconfirmed but
clinically suspected Alzheimer’s dementia (11). In order to
distinguish the clinical picture of iNPH from other dement-
ing syndromes, Golomb et al. (4) and Savolainen et al. (10)
describe the coincidence of Alzheimer’s disease and iNPH.
Centrally limited motor disturbances can likewise result in
an overlapping entity. In the patient population reported in
this study, 8% were found to have Parkinson’s disease in addi-
tion to iNPH. The exclusion of progressive cerebrovascular
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dementia as a differential diagnosis in iNPH is an important
motivation for the use of invasive diagnostic procedures.
Co-morbidities can be clinically quantified in terms of risk
factors. Such a system — the Co-morbidity Index — was intro-
duced in 2006 by Kiefer (6,7). In it, the most common co-
morbid pathologies are assigned between one and three
points, which, when totaled as a CMI score, can be referred
to an empirical threshold value above which the likelihood
of a good to excellent outcome significantly decreases. This
indirect correlation (Fig. 3) between outcome and CMI is
unequivocally demonstrated in this study — those patients
with a CMI score of 0 or 1, 67%, had an excellent outcome,
while 45% of patients with a CMI of between 6 and 8 expe-
rienced an unsatisfactory outcome. Kiefer et al. (7) suggest a
CMI of three as a threshold value dividing patient groups
with a statistically favorable prognosis from those with a
tendency towards a poor outcome. The data from this study
serve to confirm the value of this cut-off point; of the patients
who experienced a good or excellent outcome 80% (41/51)
had a CMI < 3. Only 10/31 patients (32%) with a CMI > 3
experienced a comparable improvement in symptoms.

Outcome

The general improvement rates reported in the literature for
patients with NPH undergoing a shunt operation vary around
a mean of 53% (range 31-96%). In one meta-analysis,
Vanneste (12) gives a figure of between 30% and 50%. Hebb
and Cusimano (5) report an immediate improvement rate
following iNPH shunt operations of 59%, falling to 29% in
the long term. The results of our study show an overall
improvement rate at 2 years post-shunt of 82%, in keeping
with the international literature (1-3).
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Conclusion

Co-morbidity is a statistically significant predictor of the
quality of the clinical outcome for patients with iNPH
undergoing shunt therapy (sensitivity = 80%; specificity =
68%). A CMI score of less three points allows for a good post-
operative prognosis. A CMI of more than three significantly
decreases the chance of a good outcome and this should
form part of the assessment when the risks and benefits of
surgery are considered. Due to factors arising from co-
morbidity, a successful outcome in patients with a CMI of
six or more is unlikely.
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Effects of Magnesium Sulfate Infusion on Cerebral Perfusion

in Patients After Aneurysmal SAH
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Abstract

Background A meta-analysis of current data suggests that
magnesium sulfate infusion improves the outcome after
aneurysmal subarachnoid hemorrhage through a reduction
in delayed ischemic neurological deficit. Two multi-center
randomized controlled trials are currently underway to
investigate this hypothesis. The possible pharmacological
basis of this hypothesis includes neuroprotection and vaso-
dilatation. We aim to investigate the cerebral hemodynamic
effects of magnesium sulfate infusion in aneurysmal suba-
rachnoid hemorrhage patients.

Method A total of 12 patients who had experienced aneu-
rysmal subarachnoid hemorrhage were randomized to mag-
nesium sulfate infusion (n = 6) or placebo infusion (n = 6) for
14 days. Each patient had two perfusion MRIs performed,
one in the first week after subarachnoid hemorrhage and one
in the second week after subarachnoid hemorrhage.

Findings Age, sex, and Fisher CT grade were not differ-
ent between the two groups. All but one patient were of
WENS Grade I to II on presentation. There was no increase
in rCBYV, rCBF and MTT between the two perfusion scans
within the same group or between the two groups.

Conclusion Magnesium sulfate infusion, in the dosage of
current clinical trials, did not increase cerebral blood volume
and cerebral blood flow, as postulated by dilation of small
vessels and/or collateral pathways.

Keywords Cerebral blood flow ¢ cerebral blood volume
* magnesium sulfate ® subarachnoid hemorrhage
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Introduction

Delayed ischemic neurological deficits or clinical vasospasm
remain a major cause for delayed neurological morbidity
and mortality for patients with aneurysmal subarachnoid
hemorrhage. With the goal of improving the outcome of
patients with aneurysmal subarachnoid hemorrhage by alle-
viating the harmful effects of delayed ischemic neurological
deficits, magnesium sulfate infusion has been tested in six
randomized controlled pilot studies (3,4,6,9—11). Four of
these studies were eligible for the following meta-analysis.
One study was excluded due to lack of 3 to 6 month follow
up data; another was excluded due to the unconventional
omission of nimodipine in the treatment group (4,6). Using
the random effects model, the pooled odds ratio for symp-
tomatic vasospasm or delayed cerebral ischemia was, 0.620,
95% CI 0.389 to 0.987, statistically significant. Similarly,
the pooled odds ratio for unfavorable outcome is 1.598, 95%
CI 1.074 to 2.377, statistically significant. Two multi-center
randomized controlled trials are currently underway to inves-
tigate the above hypothesis.

In an experimental model of drug or SAH-induced vasos-
pasm, magnesium blocked voltage-dependent calcium chan-
nels and antagonized the action on N-methyl-D-aspartate
receptors in the brain, preventing glutamate release and
decreasing calcium influx during ischemic injury. The angio-
graphic antispasmotic effect was not certain at the dosage of
the current clinical trials (2). It remains a possibility that the
vasodilatory effect predominantly acted on microcirculation
level. We aim to investigate the cerebral hemodynamic
effects, at the microcirculation level, of magnesium sulfate
infusion in aneurysmal subarachnoid hemorrhage patients,
using perfusion magnetic resonance imaging.

Methods and Materials

A total of 12 patients after aneurysmal subarachnoid hemor-
rhage were randomized to magnesium sulfate infusion (n = 6)
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or placebo infusion (n = 6) for 14 days. Each patient had two
perfusion MRIs performed, one in the first week after subara-
chnoid hemorrhage, one in the second week after subarachnoid
hemorrhage. Using a 1.5T MR system (Philips Intera NT),
dynamic perfusion imaging was acquired on the whole brain
after a bolus injection of gadoteric acid (Dotarem; Guerbet)
at a concentration of 0-4 mmol/kg body weight. injected at a
rate of 5 mL/s. Dynamic images were analyzed using brain
perfusion analysis software (ViewForum, Philips) to obtain
mean transit time (MTT), negative integral (rCBV), and
index map (rCBF) values from the (ACA, PCA, MCA) in
both the right and left sides of the brain. Data analysis
was carried out with SPSS for Windows Version 14.0.
Statistical significance was taken as P < 0.05 (two-tailed).
Categorical data was compared using Fisher’s exact tests
and numerical data was compared with unpaired t tests.

Results

The mean age of the cohort was 56 years and the female to
male ratio was 1:1. All patients except one (WFNS grade IV)
were WENS Grade I to IT upon admission. For all patients,
the Fisher CT Grade on admission was 3. Eight patients
had ruptured anterior communicating artery aneurysm;
three patients had ruptured posterior communicating artery
aneurysm; one patient had ruptured internal carotid artery aneu-
rysm. All were treated by endovascular coiling. There was
one patient in each group who developed clinical vasospasm
at the time of second MR scan. Both had complete recovery
from the neurological deficits. Mean transit times were not
significantly different in all vascular territories between both
groups in both MR scans (Fig. 1). Paradoxically, the cerebral
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blood volume and thus the cerebral blood flow in anterior
circulation of the magnesium sulfate treated group were
significantly lower than the control group.

Discussion

Our results showed that magnesium sulfate infusion did
not have a vasodilatory effect in microcirculation.
Paradoxically, the magnesium sulfate group had decreased
cerebral blood volume, and thus cerebral blood flow, over
the anterior circulation, as compared to the control group.
The mean transit times were the same across both groups,
signifying the parameter change in cerebral blood volume
and cerebral blood flow were clinically insignificant. Whether
it is related to changes in cerebral autoregulation remains to
be determined.

A remaining possible mechanism to explain magnesium
sulfate’s effect may be that it improves clinical outcome
through its neuroprotective effects. Assessment of this
hypothesis requires studies of cerebrospinal fluid and intrac-
ellular magnesium levels during intravenous magnesium
infusion. Studies into the pharmacological actions of magne-
sium sulfate are important and would guide us in describing
its role in aneurysmal subarachnoid hemorrhage with nimo-
dipine, statins, and agents like endothelin antagonists
(1,5,7,8). In conclusion, magnesium sulfate infusion, in the
dosage used in current clinical trials, did not increase cerebral
blood volume and cerebral blood flow, as we postulated based
on its dilation of small vessels and/or collateral pathways.
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Timing of Serum Active MMP-9 and MMP-2 Levels in Acute
and Subacute Phases After Spontaneous Intracerebral Hemorrhage

Massimiliano Castellazzi, Carmine Tamborino, Giuseppe De Santis, Francesco Garofano, Angelica Lupato,
Vania Ramponi, Alessandro Trentini, llaria Casetta, Tiziana Bellini, and Enrico Fainardi

Abstract Serum active matrix metalloproteinase (MMP)-9
and -2 levels and their tissue inhibitors TIMP-1 and -2 were
measured in 28 patients with spontaneous intracerebral hem-
orrthage (SICH) at 24 h, 48 h and 7 days after bleeding.
Perihematomal edema volume was calculated on non-
enhanced computed tomography scans by using the formula
AxBxC/2 at the same time points. Mean levels of serum active
MMP-9 and MMP-2, as well as perihematomal edema vol-
ume, were significantly different over time (p < 0.0001). In
comparison to values observed at 24 h, serum active MMP-9
mean concentrations increased at 48 h and reached their peak
at 7 days, serum active MMP-2 mean levels progressively
declined at 48 h and at 7 days, whereas perithematomal edema
volume increased at 48 h and at 7 days. Perihematomal edema
volume was positively correlated with active MMP-9 and
MMP-2 at 24 h (p < 0.02 and p < 0.05, respectively) and with
active MMP-9 at 48 h (p < 0.05), but was inversely correlated
with active MMP-2 at 7 days (p < 0.02). These findings sug-
gest a different involvement of active MMP-9 and MMP-2 in
perihematomal-associated inflammatory response occurring
in the transition from acute to subacute phases after SICH.

Keywords Matrix metalloproteinases © activity assay
 spontancous intracercbral hemorrhage ¢ perihematomal
brain edema
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Introduction

Spontaneous intracerebral hemorrhage (SICH) accounts for
about 10-20% of all strokes, is associated with poor prognosis
and high mortality rates, and is commonly caused by hyper-
tension or amyloid angiopathy (12). However, because the
pathogenesis of SICH is currently poorly understood, no
appropriate therapeutic strategy has been identified. In fact,
while it is well known that hematoma formation produces irre-
versible damage due to tissue destruction by the extravasated
blood, the fate of the perihematomal edematous region remains
to be established (12). In this context, the presence of an
intense inflammatory reaction has recently been proven in the
edematous tissue surrounding the hemorrhagic core (11). In
particular, it has been proposed that matrix metalloproteinases
(MMPs) can contribute to perihemorrhagic inflammatory
response through the opening of the blood-brain barrier
(BBB) leading to leukocyte migration into the brain and
edema development (11,12). These enzymes are a family of
zinc-containing and calcium-requiring endopeptidases that
are synthesized under the influence of pro-inflammatory
cytokines and are secreted into extracellular space as latent
inactive proform that becomes activated after proteolytic
cleavage. Tissue inhibitors of metalloproteinases (TIMPs) are
able to bind to either activated MMPs or their proforms, and
thereby ultimately regulate MMP activity (13). As MMPs are
responsible for remodelling and degrading extracellular matrix
(ECM) constituents contained in the subendothelial basement
membranes associated to brain capillaries and glia limitans,
their overexpression, not sufficiently counterbalanced by
TIMPs, could trigger the breakdown of ECM components of
the BBB. Among the various MMPs, MMP-9 (Gelatinase B)
is currently thought to play a central role in this process since
elevated blood levels of this enzyme have been correlated to
perihematomal edema formation (1,2) and hematoma enlarge-
ment (9). In addition, high blood concentrations of MMP-9
have been found in the edematous brain tissue located adja-
cent to hematoma (8,10), whereas increased blood levels of
MMP-9 have been observed in ischemic stroke patients with
hemorrhagic transformation (5). Conversely, the significance
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of MMP-2 (Gelatinase A) in neuroinflammation occurring in
SICH is at present unclear. In any case, no data are available
on active MMP-9 and MMP-2, which are the only enzyme
forms exerting catalytic activity. Considering these observa-
tions, the aim of this study was to investigate the temporal
profile of serum active MMP-9 and MMP-2 concentrations
and their relationships with perihematomal edema in a group
of patients with SICH evolving from acute to subacute phases.
To address these questions, we employed a sensitive activity
assay system to quantify serum levels of active MMP-9 and
MMP-2 and used an ELISA method to measure TIMP-1 and
TIMP-2.

Materials and Methods

Patient Characteristics

Twenty-eight patients (18 males and 10 females; mean age +
SD =71.4 + 10.8 years) with diagnosis of acute supratentorial
SICH proven by an admission non-enhanced computed
tomography (CT) scan carried out within 24 h of onset were
prospectively included in the study. Time of onset was considered
as the last time the patient was known to be neurologically
normal. Exclusion criteria at the time of enrollment were:
(1) occurrence of infratentorial hemorrhage; (2) hematoma
related to tumor, trauma, coagulopathy, aneurysms, vascular
malformations; (3) hemorrhagic transformation of brain
infarction; (4) intraventricular extension of hemorrhage; (5)
surgical hematoma evacuation performed after the first non-
contrast CT scans; (6) age <20 years; or (7) evidence of preg-
nancy. Disease severity was scored in all patients using the
National Institutes of Health Stroke Scale (NIHSS) (3) at 24 h
(admission), 48 and 7 days (follow-up) from onset.

CT Examination

All CT scans were performed using a single-section CT scan-
ner (CT HiSpeed ZX/i; GE Medical System, Milwaukee, Wis)
at the same time points as NIHSS calculation: 24 h (baseline),
48 h and 7 days (follow-up) after bleeding. Based on their
location, hematomas were classified as either basal ganglia or
lobar. Accordingly, SICH was located within basal ganglia
regions in 18 patients and within lobar regions in the remain-
ing 10 patients. Hematoma volume was calculated on the non-
enhanced CT scan using the formula AXBxC/2 where A, B
and C represent the dimensions of CT hyperdensity in three
axes perpendicular to each other (7). The volume of hema-
toma plus that of perihematomal low density area was deter-
mined with the same method. Perihematomal edema volume
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was measured by subtracting the hematoma volume from the
combined hematoma and perihematomal low density area vol-
umes. Hematoma expansion was defined as a volume increase
>33% between the baseline CT scan obtained at 24 h and the
follow-up CT scan performed at 48 h (4). Informed consent
was obtained from each patient or from his or her close rela-
tives before the CT was performed.

Laboratory Procedures

Serum samples were obtained by centrifugation at room
temperature for blood specimens previously withdrawn by
puncture of an anterocubital vein. Specimens were collected
under sterile conditions at the same time points as NIHSS
calculation and CT scan performance: 24 h (baseline), 48 h
and 7 days (follow-up) after SICH. Serum specimens were
then stored in aliquots at —70°C until assay. As reported else-
where (6), serum concentrations of active MMP-9 and
MMP-2 were measured by using a commercially available
Activity Assay System kit (Activity Assay System, Biotrak,
Amersham Biosciences, UK), according to the manufac-
turer’s instructions. Serum samples were diluted at 1:20 for
MMP-9 and at 1:100 for MMP-2 determinations. The lower
limit of quantification was 0.125 ng/mL for MMP-9 and 0.19
ng/mL for MMP-2. Serum levels of TIMP-2 were measured
by using a commercially available “sandwich” enzyme-
linked immunosorbent assay (ELISA) kit (Biotrak,
Amersham Biosciences, UK) according to the manufacturer’s
instructions. Serum samples were diluted at 1:40 for TIMP-1
and at 1:4 for TIMP-2 determinations. The limit of sensitivity
of the assay was 3 ng/mL for both TIMP-1 and TIMP-2.

Statistical Analysis

After checking data for normality by using the Kolmogorov-
Smirnov test, repeated measures ANOVA followed by post-
hoc Scheffe test, Friedman ANOVA followed by post-hoc
Mann-Whitney test, Spearman rank correlation coefficient
test and linear regression analysis were used when appropriate.
A value of p < 0.05 was considered as statistically significant.

Results

MMPs and TIMPs Time Course

As illustrated in Fig. 1, mean levels of serum active MMP-9
and MMP-2 were statistically different over time (p <
0.0001). Specifically, in comparison to baseline mean values
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Fig. 1 Temporal profile of serum active MMP-9 and MMP-2 levels
and perihematomal edema volume in 28 patients with spontaneous
intracerebral hemorrhage (SICH) expressed as median and interquartile
range (IQR). Serum mean concentrations of active MMP-9 were sig-
nificantly higher at 48 h (p < 0.05) and at 7 days (p < 0.0001) than at 24
h and at 7 days than at 48 h (p < 0.02). (Panel A) Serum mean levels of
active MMP-2 were significantly lower at 48 h (p < 0.01) and at 7 days
(p <0.0001) than at 24 h and at 7 days than at 48 h (p <0.01) (Panel B).

observed at 24 h (6.1 = 3.7 ng/mL), serum active MMP-9
mean concentrations were significantly higher at 48 h (7.5 £4.0
ng/mL; p <0.05) and at 7 days (9.5 £4.1 ng/mL; p < 0.0001).
In addition, serum active MMP-9 mean levels were signifi-
cantly more elevated at 7 days than at 48 h (p < 0.02). On the
other hand, serum mean titers of active MMP-2 were signifi-
cantly lower at 48 h (154.5 = 110.9 ng/mL; p < 0.01) and at
7 days (117.8 += 93.7 ng/mL; p < 0.0001) than at baseline
(194.1 += 122.7 ng/mL). Moreover, serum active MMP-2
mean levels were significantly decreased at 7 days as com-
pared to 48 h (p <0.01). No statistical differences were found
among the time points examined for serum mean levels of
TIMP-1 and TIMP-2 (data not shown).

Hematoma and Edema Volumes Time Course

Hematoma volume did not statistically differ among the time
points selected since similar mean values were detected at
baseline (15.8 +£21.4 mL), at 48 h (18.4 +26.2 mL) and at 7
days (6.4 = 21.6 mL). In this setting, a hematoma enlarge-
ment was present in 5/28 (17.9%) SICH patients. In contrast,
as shown in Fig. 1, perihematomal edema volume was statis-
tically different over time (p < 0.0001). Specifically, its mean
values were significantly increased at 48 h (18.4 +26.2 mL;

Perihematomal edema volume was significantly greater at 48 h (p < 0.01)
and at 7 days (p < 0.01) than at 24 h (Panel C). The boundaries of the
box represent the 25th—75th quartiles. The line within the box indicates
the median. The whiskers above and below the box correspond to the
highest and lowest values, excluding outliers. At the top, sequential
CT scans from three illustrative cases showing the time course of
hematoma and surrounding perihematomal edema in basal ganglia
(above Panels A and B) and lobar SICH (above Panel C)

p<0.01) and at 7 days (18.77 £ 27.1 mL; p < 0.01) compared
to those found at 24 h (8.9 = 13.3 mL).

Relationships Between Serum MMPs
and TIMPs Levels and Findings from
CT and Clinical Examinations

As reported in Table 1, hematoma volume was positively
associated with mean serum concentrations of active MMP-9
and MMP-2 at 24 (p < 0.05) and to mean levels of serum
active MMP-9 at 48 h (p < 0.02), whereas it was negatively
correlated to serum active MMP-2 mean levels at 7 days (p <0.05).
Similarly, perihematomal edema volume was positively
correlated with serum active MMP-9 and MMP-2 mean titers
at 24 h (p < 0.02 and p < 0.05, respectively) and with serum
mean levels of active MMP-9 at 48 h (p < 0.05), but it was
inversely correlated with serum active MMP-2 mean concen-
trations at 7 days (p < 0.02). No further definite associations
were identified between the temporal profiles of serum MMP-9,
MMP-2, TIMP-1 and TIMP-2 mean levels and hematoma and
perihematomal edema volumes (data not shown). Serum MMP
and TIMP measurements were not significantly correlated to
NIHSS in the different time points analyzed.



140

Table 1 Significant correlations between mean serum levels of MMP-9
and MMP-2 and hematoma and perihematomal edema volumes in 28
patients with spontaneous intracerebral hemorrhage (SICH)

Spearman’s correlation Correlation coefficient ~ Significance
MMP-9 vs. hematoma volume

at 24 h from onset r=0.394 p <0.05
MMP-9 vs. hematoma volume

at 48 h from onset r=0.447 p<0.02
MMP-2 vs. hematoma volume

at 7 days from onset r=-0.405 p<0.05
MMP-9 vs. edema volume

at 24 h from onset r=0.460 p<0.02
MMP-9 vs. edema volume

at 48 h from onset r=0.422 p<0.05
MMP-2 vs. edema volume

at 24 h from onset r=0.385 p <0.05
MMP-2 vs. edema volume

at 7 days from onset r=-0.471 p<0.02

Discussion

Recent studies have demonstrated that increased blood levels
of MMP-9 can be associated to perihematomal edema devel-
opment (1,2) and hematoma expansion (9), suggesting the
potential role of this enzyme in SICH-related inflammation.
However, little is known about the relevance of MMP-2 in
perihematomal inflammatory response and the temporal profile
of gelatinases in SICH (2). More importantly, MMP-9 and
MMP-2 levels have been determined by various methods,
such as ELISA, zymography, immunoblotting, immunohis-
tochemistry and in situ hybridization, which are not able to
detect the active form of gelatinases. For these reasons, in
this study serum levels of active MMP-9 and MMP-2 in
patients with SICH were measured by using a sensitive activity
assay system that allowed us to have a clear representation of
gelatinase proteolytic net activity. Here we found that serum
active MMP-9 mean concentrations rose at 48 h and reached
their peak at 7 days. Moreover, serum active MMP-2 mean
levels progressively declined at 48 h and at 7 days when
compared to corresponding baseline values observed at 24
h after bleeding. In contrast, no significant changes in serum
TIMP-1 and TIMP-2 mean titers were found over time.
These data are only partially in agreement with those reported
previously (2) likely due to the methodological differences
in determination techniques. Interestingly, according to prior
findings (12), a gradual increase in perihematomal edema
volume was seen at 48 h and at 7 days compared to baseline
values obtained at 24 h from onset. Of note, serum MMP-9 and
MMP-2 mean levels and perihematomal edema volume, were
positively associated at 24 and 48 h and became inversely
correlated at 7 days after SICH, respectively. Therefore, our
results indicate that the combined temporal profile of MMP-9
and MMP-2, and their relationships with perihematomal
edema volume over time, appear to be reciprocal in the transition
from acute to subacute phases after SICH. This potentially
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indicates different roles for these two gelatinases in ongoing
inflammatory response taking place in the edematous tissue
surrounding hematoma. In fact, as hypothesized for ischemic
stroke (14), MMP-9 may be detrimental in promoting a
disruption of the BBB that exacerbates perihematomal
edema formation. Conversely, MMP-2 might exert a protective
function favouring the resolution of perihematomal neuroin-
flammation and tissue repair. Nevertheless, further studies
are required to clarify the actual involvement of gelatinases
in the inflammatory mechanisms orchestrating perihematomal
edema development.
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Timing of Serum Soluble HLA-G Levels in Acute and Subacute Phases
After Spontaneous Intracerebral Hemorrhage
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Abstract Serum levels of sHLA-G (sHLA-G1/HLA-GS)
antigens and their soluble isoforms, sHLA-G1 and HLA-
G5, were measured by ELISA in 22 patients with spontane-
ous intracerebral hemorrhage (SICH) at 24 h, 48 h and 7
days after bleeding. The perihematomal edema volume was
calculated on non-enhanced computed tomography scans
using the formula AxBxC/2 at the same time points. The
mean serum concentrations of sHLA-G1/HLA-GS and
sHLA-G1 as well as the perihematomal edema volume changed
significantly over time (p < 0.0001, p < 0.001 and p <
0.0001, respectively), whereas no statistical differences were
found in serum HLA-GS5 concentrations over the course of
the experiment. In comparison to the values found at 24 h,
sHLA-G1/HLA-GS and sHLA-GI increased at 48 h and
then decreased at 7 days, whereas the perihematomal edema
volume was more elevated at 48 h and, to a lesser extent, at
7 days. A positive correlation was detected between mean
serum SHLA-G1/HLA-G5 and sHLA-G1 levels and peri-
hematomal edema volume at 24 h (p < 0.02) and at 48 h
(p < 0.01). Our results may indicate a role for sSHLA-G in
inflammatory mechanisms related to SICH, where these
proteins probably act as anti-inflammatory molecules and
are predominantly produced as the sHLA-G1 isoform.

Keywords sHLA-G1 « HLA-GS5 « spontaneous intracere-
bral hemorrhage o perihematomal brain edema
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Introduction

Spontaneous intracerebral hemorrhage (SICH) is a devastating
cerebrovascular disease that represents about 10-20% of all
strokes and is characterized by high disability and mortality
rates (13). Currently, there is no proven effective treatment
for SICH due to the limited understanding of its pathogenesis.
In particular, although it is widely accepted that bleeding
occurring in the central part of the hematoma results in tissue
destruction and irreversible damage, the mechanisms impli-
cated in hematoma enlargement and perihematomal edema
formation still remain a matter of debate. In fact, these two
critical events are considered the major factors affecting
outcome because together their effects could lead to clinical
deterioration and death as a consequence of an increase in
intracranial pressure (13). In this regard, a growing body of
evidence suggests that a strong inflammatory response could
contribute to secondary injury promoted by edema develop-
ing in the region peripheral to the hematoma (11). Recently,
the potential role of Human Leukocyte Antigen-G molecules
in soluble form (sSHLA-G) as regulatory factors of the inflam-
matory process operating in various neoplastic, viral and auto-
immune diseases of the central nervous system (CNS) has
received increasing attention (4,12). HLA-G are non-classical
class Ib HLA antigens structurally related to classical class
Ia HLA products (HLA-I), which display a limited polymor-
phism, a restricted tissue distribution and alternative splicing
of their primary transcript encoding seven distinct isoforms,
which include four membrane bound (G1,G2,G3 and G4) and
three soluble (G5,G6,G7) proteins (3). Among these different
isoforms, membrane-bound HLA-G1 and soluble HLA-G5
(HLA-GS) are considered the most important functionally
active soluble HLA-G (sHLA-G) isoforms (9,10). HLA-G5
proteins are directly secreted in this form and represent the
soluble counterparts of membrane-bound HLA-G1, whereas
HLA-G1 can be released as soluble molecules (sHLA-G1)
after being shed from the cell surface. Although the biological
functions of these two different SHLA-G isoforms remain
unclear, sHLA-G are believed to exhibit tolerogenic and
anti-inflammatory properties (3). Nevertheless, no data are
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presently available on the presence of SHLA-G molecules in
the blood of patients with SICH. Therefore, the purpose of this
study was to assess the chronological changes in the serum
levels of sSHLA-G antigens and their isoforms, HLA-G5 and
sHLA-GI1, and the relationships between these molecules
and perihematomal edema in a group of patients with SICH
during the conversion from the acute to the subacute phases.

Materials and Methods

Patient Selection

Twenty-two patients (14 males and 8 females; mean age +
SD =71.6 + 11.9 years) with a diagnosis of acute supratento-
rial SICH, demonstrated by an admission non-enhanced
computed tomography (CT) scan carried out within 24 h of
onset, prospectively entered the study. The time of onset was
considered as the last time the patient was known to be neu-
rologically normal. Exclusion criteria at the time of enroll-
ment were: (1) occurrence of infratentorial hemorrhage; (2)
hematoma related to tumor, trauma, coagulopathy, aneu-
rysms, vascular malformations; (3) hemorrhagic transforma-
tion of brain infarction; (4) intraventricular extension of
hemorrhage; (5) surgical hematoma evacuation performed
after the first non-contrast CT scans; (6) age <20 years; (7)
evidence of pregnancy. Disease severity was scored in all
patients using the National Institutes of Health Stroke Scale
(NIHSS) (1) at 24 h (admission), 48 h and 7 days (follow-up)
from onset.

CT Evaluation

All CT scans were performed using a single-section CT
scanner (CT HiSpeed ZX/i; GE Medical System, Milwaukee,
Wis) at the same time points as NIHSS calculation: 24 h
(baseline), 48 h and 7 days (follow-up) after bleeding. The hema-
toma location was categorized as basal ganglia and lobar.
Accordingly, SICH was located within basal ganglia regions in
15 patients and within lobar regions in the remaining 7 patients.
The hematoma volume was calculated on the non-enhanced
CT scan using the formula AxBxC/2 where A, B and C rep-
resent the dimensions of CT hyperdensity in three axes per-
pendicular to each other (8). The volume of the hematoma
plus that of the perihematomal low density area was deter-
mined by the same method. The perihematomal edema
volume was measured by subtracting the hematoma volume
from the combined hematoma and perihematomal low
density area volumes. Hematoma expansion was defined as
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a volume increase >33% between the baseline CT scan
obtained at 24 h and the follow-up CT scan performed at 48
h (2). Informed consent was obtained from each patient or
from close relatives before the CT was performed.

Immunoassay Methods

Serum samples were obtained by centrifugation at room
temperature of blood specimens previously withdrawn by
puncture of an anterocubital vein, collected under sterile
conditions at the same time points as NIHSS calculation and
CT scan performance: 24 h (baseline), 48 h and 7 days
(follow-up) after SICH. Serum specimens were then stored
in aliquots at —70°C until assay. Measurements of serum
sHLA-G (sHLA-G1/HLA-G5) and HLA-GS5 levels were
obtained by enzyme-linked immunosorbent assay (ELISA)
using undiluted serum samples, as previously described
(4-6). The limit of sensitivity was 1 ng/mL for both sHLA-
G (sHLA-G1/HLA-GS5) and HLA-GS5. After ELISA measure-
ments of the serum levels of SHLA-G1/HLA-G5 and HLA-G5,
the amount of sHLA-G1 was expressed as the difference
between the sHLA-G1/HLA-G5 and HLA-GS5 concentrations.

Statistics

After checking data for normality using the Kolmogorov—
Smirnov test, repeated measures ANOVA followed by
post-hoc Scheffe test, a Friedman ANOVA followed by post-
hoc Mann-Whitney test, the Spearman rank correlation
coefficient test and linear regression analysis were used
when appropriate. A value of p < 0.05 was accepted as statis-
tically significant.

Results

SHLA-G1/HLA-G5, sHLA-G1 and HLA-G5
Time Course

As shown in Fig. 1, the mean serum levels of sHLA-G1/
HLA-GS and sHLA-G1 were statistically different over time
(p< 0.0001 and p< 0.01, respectively). More precisely, in
comparison to baseline mean values observed at 24 h (17.8 £
4.8 ng/mL), the mean serum concentrations of sHLA-G1/
HLA-GS5 were significantly greater at 48 h (21.8 + 6.5 ng/
mL; p <0.01) and significantly reduced at 7 days (14.0 £ 5.1
ng/mL; p< 0.02). In addition, the mean serum titers of
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Fig. 1 Temporal profile of serum sHLA-G1/HLA-G5 and sHLA-G1
levels and perihematomal edema volume in 22 patients with sponta-
neous intracerebral hemorrhage (SICH), expressed as median and
interquartile range (IQR). The mean serum concentrations of sHLA-G1/
HLA-GS5 were significantly higher at 48 h (p < 0.01) and significantly
reduced at 7 days (p < 0.02) than at 24 h. In addition, the mean
serum titers of sHLA-G1/HLA-GS5 were significantly decreased at
7 days than at 48 h (p < 0.0001) (Panel A). The mean serum levels
of sHLA-G1 were significantly lower at 7 days than at 48 h

sHLA-G1/HLA-GS5 showed a significantly greater decrease
at 7 days than at 48 h (p < 0.0001). A similar trend was also
observed for mean serum sHLA-GI1 levels, which were
higher at 48 h (11.0 + 8.5 ng/mL) and lower at 7 days (5.1 £
6.3) than at baseline (8.1 + 5.9 ng/mL). However, these
differences did not reach statistical significance. Conversely,
the mean serum concentrations of SHLA-G1 were signifi-
cantly lower at 7 days than at 48 h (p < 0.01). On the other
hand, the mean serum HLA-GS5 levels were equivalent at
24 h (9.9 +4.6 ng/mL), 48 h (11.0 £ 5.3 ng/mL) and 7 days
(10.0 £ 6.1).

Time Course of Changes in Hematoma
and Edema Volumes

Hematoma volume did not differ statistically among the time
points selected since similar mean values were detected at
baseline (17.1 £ 23.6 mL), at 48 h (20.1 £ 28.7 mL) and at 7
days (17.9 = 23.5 mL). A hematoma enlargement was
present in 4/22 (18.2%) SICH patients. In contrast, as shown
in Fig. 1, perihematomal edema volume changed statistically
over time (p < 0.0001). Specifically, the mean values were
significantly increased at 48 h (34.5 + 100.2 mL; p < 0.01)
and at 7 days (19.8 + 30.2 mL; p < 0.05) with respect to
those found at 24 h (9.3 + 14.9 mL).

(p < 0.01) (Panel B). The perihematomal edema volume was
significantly greater at 48 h (p < 0.01) and at 7 days (p < 0.05) than
at 24 h (Panel C). The box boundaries represent the 25th—75th quartile.
The line within the box indicates the median. The whiskers above
and below the box correspond to the highest and lowest values,
excluding outliers. On the top, sequential CT scans from three illustra-
tive cases show the time course of hematoma and surrounding
perihematomal edema in basal ganglia (above Panels A and B) and
lobar SICH (above Panel C)

Relationships Between sHLA-G1/HLA-GS5,
sHLA-G1 and HLA-G5 and CT and Clinical
Findings

As shown in Table I, hematoma volume was positively
associated with mean serum concentrations of sHLA-G1/
HLA-GS and sHLA-G1 at 24 (p < 0.05) and 48 h (p < 0.05).

Table 1 Significant correlations between the mean serum levels of
sHLA-G1/HLA-GS5 and sHLA-G1 and hematoma and perihematomal
edema volumes in 22 patients with spontaneous intracerebral hemorrhage
(SICH)

Correlation

Spearman’s correlation coefficient Significance
sHLA-G1/HLA-GS5 vs. hematoma

volume at 24 h from onset r=0.433 p <0.05
sHLA-G1/HLA-GS vs. hematoma

volume at 48 h from onset r=0.460 p <0.05
sHLA-GI1 vs. hematoma volume

at 24 h from onset r=0.422 p <0.05
sHLA-GI1 vs. hematoma volume

at 48 h from onset r=0.467 p<0.05
sHLA-G1/HLA-GS vs. edema

volume at 24 h from onset r=0.512 p<0.02
sHLA-G1/HLA-GS5 vs. edema

volume at 48 h from onset r=0.544 p<0.01
sHLA-G1 vs. edema volume

at 24 h from onset r=0.518 p<0.02
sHLA-G1 vs. edema volume

at 48 h from onset r=0.559 p<0.01
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Similarly, perihematomal edema volume was positively
correlated with sHLA-GI/HLA-G5 and sHLA-G1 mean
levels at 24 h (p < 0.02) and at 48 h (p < 0.01). No further
definite associations were identified between the temporal
profile of serum sHLA-G1/HLA-G5, sHLA-G1 and HLA-G5
mean levels and hematoma and perihematomal edema
volumes (data not shown). Serum sHLA-G1/HLA-GS,
sHLA-G1 and HLA-G5 measurements were not significantly
correlated to NIHSS at the different time points evaluated.

Discussion

An intense inflammatory reaction is currently believed to
have an important influence on the secondary injury occurring
in the edematous tissue surrounding the hemorrhagic core
after SICH (11). As sHLA-G molecules and their two
principal isoforms, HLA-G5 and sHLA-G1, could exert
anti-inflammatory functions in some CNS inflammatory
diseases of infectious, tumoral, and autoimmune origin (4,12),
in the present report we investigated the time course of their
serum concentrations in a series of SICH patients by employing
specific ELISA techniques. Our final objective was to
establish whether a link between these antigenic structures
and perihematomal edema evolution could exist. Data
emerging from this study seems to indicate that serum
sHLA-G mean levels show a characteristic temporal profile
after hematoma appearance since they increased at 48 h and
then decreased at 7 days when compared to corresponding
baseline values observed at 24 h after the start of the bleeding.
In addition, comparison of the 24 and 48 h time points
revealed that the mean serum levels of sSHLA-G reached
their highest values at 48 h from onset. Of note, the mean
serum sHLA-G1 concentrations exhibited an analogous time
course after hematoma formation and peaked at 48 h from
onset as well. In contrast, no significant changes in serum
mean concentrations of HLA-GS5 were found over time after
SICH. On the other hand, as expected (13), a progressive
enlargement in perihematomal edema volume was observed
at 48 h and at 7 days compared to baseline values obtained at
24 h of onset. Of interest was the positive correlation between
the mean serum SHLA-G and sHLA-GI levels and the
perihematomal edema volume observed at 24 and at 48 h
after SICH. Taken together, our findings suggest the potential
involvement of SHLA-G in the ongoing inflammatory response
associated with the perihematomal edema development that
occurs during the transition from the acute to the subacute
phase after SICH. In this context, sHLA-G proteins may
play a protective role since they may act as anti-inflammatory
molecules leading to the downregulation of SICH-related
neuroinflammation by the suppression of natural killer (NK)
and CD8+ cytotoxic T effector cells infiltrating the CNS via

E. Fainardi et al.

Fas/FasL-dependent apoptotic mechanisms, by the inhibition
of CD4+ T cell activation, but also by the secretion of T helper
2-type anti-inflammatory cytokines (3). Intriguingly, the
evidence that leukocyte migration into the hematoma peaks
at 2 to 3 days after onset (11), and that apoptosis reaches its
maximum at 3 days after bleeding (7), seems to support this
speculation. Furthermore, measurable serum sHLA-G levels in
SICH were predominantly composed of the sHLA-G1 isoform,
which probably accounts for the time course of the changes
in serum sHLA-G concentrations and their relationship to
perihematomal edema formation observed in SICH evolution
from the acute to the subacute phase. Although evidence of a
difference in functional activity between HLA-G5 and
SsHLA-G1 isoforms is currently lacking (9), these results
lead to the hypothesis that the supposed anti-inflammatory
properties of sHLA-G molecules in SICH may be due to the
HLA-GI isoform. Interestingly, the sHLA-G isoform profile
appears to be different in patients with chronic CNS inflam-
matory disorders such as multiple sclerosis, in whom we
have recently reported a prevalence of HLA-GS (6). Therefore,
future studies are warranted to clarify the actual significance
of sHLA-G molecules in the inflammatory mechanisms
operating during perihematomal edema development.
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Minocycline Attenuates Brain Edema, Brain Atrophy and
Neurological Deficits After Intracerebral Hemorrhage

J.Wu, S. Yang, Y. Hua, W. Liu, R. F. Keep, and G. Xi

Abstract Evidence suggests that microglia activation
contributes to brain injury after intracerebral hemorrhage
(ICH). The present study aimed to determine if minocycline,
an inhibitor of microglia activation, can reduce brain edema,
brain atrophy and neurological deficits after ICH.

Male Sprague-Dawley rats received an infusion of
100-uL autologous whole blood into the right basal ganglia.
Rats received minocycline or vehicle treatment. There were
two sets of experiments in this study. In the first set of
experiments, the effects of minocycline on ICH-induced
brain edema were examined at day 3. In the second set,
behavioral tests were performed at days 1, 3, 7, 14 and 28.
Rats were killed at day 28 for brain atrophy measurement
(caudate and lateral ventricle size).

Minocycline reduced perihematomal brain edema in the
ipsilateral basal ganglia (78.8 + 0.4 vs. 80.9 + 1.1% in the
vehicle-treated group, p < 0.01). Minocycline also improved
functional outcome. In addition, minocycline reduced brain
tissue loss in the ipsilateral caudate (p < 0.01) and ventricular
enlargement (p < 0.05).

In conclusion, minocycline attenuates ICH-induced brain
edema formation, neurological deficits and brain atrophy in
rats suggesting an important role of microglia in ICH-related
brain injury.

Keywords Brain atrophy ¢ brain edema e cerebral hemor-
rhage » minocycline

Introduction

Inflammation aggravates hemorrhagic brain injury. An
inflammatory response in the surrounding brain occurs
shortly after ICH and peaks several days later (2). Neutrophil
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infiltration develops within 2 days in rats and activated
microglial cells persist for a month (3,5). Microglia are cells
within the brain that are activated in response to injury.
Depending upon specific conditions they can have neu-
rotrophic or neurotoxic actions (10). Activated microglia are
associated with ischemic and hemorrhagic brain injury
including intracerebral hemorrhage (ICH), and there is evi-
dence that microglia contribute to ICH-induced brain dam-
age (3,17). Inhibition of microglia activation with tuftsin
fragment 1-3 reduces brain damage after ICH (15).

Minocycline, a second generation tetracycline-based
molecule, is a potent inhibitor of microglia activation (13). It
is a highly lipophilic compound and penetrates the brain-
blood barrier easily (7). Minocycline has been reported to
provide neuroprotection by inhibiting microglia. An in vitro
study showed that minocycline reduced excitotoxicity in pri-
mary neuronal culture by preventing excitotoxin-induced
microglial proliferation (12). It also inhibits macrophage/
microglia activation after ICH in the rat (8,16).

In this study, we examined the effects of minocycline on
brain edema formation, neurological deficits and brain atro-
phy in rat ICH model.

Materials and Methods

Animal Preparation and Intracerebral
Injection

The University of Michigan Committee on the Use and Care
of Animals approved the protocols for these animal studies.
Male Sprague-Dawley rats aged 3 to 4 months (Charles
River Laboratories, Wilmington, MA) were used. Rats were
anesthetized with pentobarbital (50 mg/kg, i.p.) and the right
femoral artery was catheterized for continuous blood pres-
sure monitoring and blood sampling. Blood from the cathe-
ter was used to determine pH, PaO,, PaCO,, hematocrit, and
glucose. It was also the source for the intracerebral blood
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infusion. The animals were positioned in a stereotactic frame
(David Kopf Instruments, Tujunga, CA). Blood was injected
into the right caudate nucleus through a 26-gauge needle at a
rate of 10 uL per minute using a microinfusion pump
(Harvard Apparatus, Inc., Holliston, MA). The coordinates
were 0.2 mm anterior to bregma, 5.5 mm ventral, and 4.0
mm lateral to midline.

Experimental Groups

Male Sprague-Dawley rats received an infusion of 100-uL
autologous whole blood into the right basal ganglia. Rats
received minocycline injection intraperitoneally at dose of
45 mg/kg immediately and 12 h after ICH, followed by
22.5 mg/kg twice a day for 2 days. In the control group,
rats received vehicle only. There were two sets of experi-
ments in this study. In the first set of experiments, the
effects of minocycline on ICH-induced brain edema were
examined at day 3. In the second set, behavioral tests were
performed at days 1, 3, 7, 14 and 28. Rats were killed at
day 28 for brain atrophy measurement (caudate and lateral
ventricle size).

Brain Water and lon Content Measurements

Rats were killed under deep pentobarbital anesthesia at day
3. The brains were removed immediately and a 4-mm thick
coronal section was taken 3 mm from the frontal pole. The
brain sample was then divided into cortex or basal ganglia
(ipsilateral or contralateral). Tissue samples were weighed to
obtain the wet weight (WW). The tissue was then dried in a
gravity oven at 100°C for more than 24 h to determine the
dry weight (DW). Tissue water content (%) was calculated
as ((WW — DW]/WW)*100. Dehydrated brain samples were
digested in 1 mL of 1 N nitric acid for 1 week. Sodium and
potassium ion contents in this solution were measured by
flame photometry and expressed in micro-equivalents per
gram of dehydrated brain tissue (uWEq/g dry wt).

Brain Atrophy Examination

Rats were anesthetized with pentobarbital (60 mg/kg, i.p.)
and perfused with 4% paraformaldehyde in 0.1 M pH 7.4
phosphate-buffered saline. Removed brains were kept in 4%
paraformaldehyde for 4 to 6 h, then immersed in 25%
sucrose for 3 to 4 days at 4°C. The brains were embedded in
O.C.T compound (Sakura Finetek USA Inc.) and sectioned
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on a cryostat (18 um thick). Coronal sections from 1 mm
anterior and 1 mm posterior to the blood injection site were
used for hematoxylin and eosin staining (1). Caudate and
lateral ventricular areas were measured using NIH image.

Behavioral Tests

All animals underwent behavioral testing before and after
surgery and were scored by experimenters who were blinded
to both neurological and treatment conditions. To assess
behavioral deficits both forelimb placing and forelimb use
asymmetry tests were used (4).

Statistical Analysis

All data in this study were presented as mean + standard
deviation. Data were analyzed using Student t test or ANOVA
with a Scheffe’s post-hoc multiple comparison test.
Behavioral data were analyzed by Kruskal-Wallis test.
Significance levels were set at p < 0.05.

Results

All physiologic variables were measured immediately before
intracerebral injections. Mean arterial blood pressure
(MABP), pH, arterial oxygen and carbon dioxide tensions
(PO, and PCO,), hematocrit, and blood glucose were con-
trolled within normal range (MABP, 80-120 mmHg; PO,,
80-120 mmHg; PCOZ, 35-45 mmHg; hematocrit, 38-43%;
blood glucose, 80—-120 mg/dL).

Normal rat brain water content in the basal ganglia is
about 78% and ICH causes brain edema in the perihemato-
mal zone. Minocycline reduced perihematomal brain edema
in the ipsilateral basal ganglia (78.8 £ 0.4 vs. 80.9 + 1.1% in
the vehicle-treated group, p < 0.01). Minocycline also
reduced sodium ion accumulation (219 + 22 vs. 324 + 89
uEqg/g dry wt in the vehicle-treated group, p < 0.01) and
potassium ion loss (394 + 16 vs. 327 + 48 uEq/g dry wt in the
vehicle-treated group, p < 0.01) in the perihematomal zone.

Minocycline also improved functional outcome (Fig. 1).
For example, the forelimb placing score was increased by
minocycline treatment (day 1: 12 = 10 vs. 0 = 0% in the
vehicle-treated group, p < 0.05; day 14: 98 + 4 vs. 60 + 36%,
p < 0.05, Fig. 1). In addition, minocycline reduced brain
tissue loss in the ipsilateral caudate (5 + 7% vs. 17 + 5%
loss in the vehicle-treated group, p < 0.01) and ventricular
enlargement (p < 0.05, Fig. 2).
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Fig.1 Forelimb placing (a) and forelimb using asymmetry (b) score in
the rats after ICH. The rats were treated with vehicle or minocycline.
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Discussion

In this study, we demonstrated that minocycline can reduce
perihematomal edema, brain tissue loss and neurological
deficits in a rat model of ICH.

Activation of microglia around the hematoma occurs after
ICH (2,3). Microglia are cells within the brain that are acti-
vated in response to injury. In normal brain, microglia are in
a quiescent state, but in the event of injury they become
highly phagocytic and they are involved in clearing debris
from the damaged site (10). The activation of microglia that
occurs after acute CNS injury is marked by changes in cel-
lular morphology, size and number. In human brain, micro-
glia become progressively more activated with age (9). Our
previous study found many more activated microglia in aged
compared to young rats 3 days after ICH (3).

Minocycline

Vehicle Minocycline

Microglia activation is associated with brain edema
formation following ICH since minocycline, an inhibitor of
microglia activation, results in less perihematomal edema.
We have previously found that microglial activation is asso-
ciated with severe brain swelling in aged rats after ICH (3).
Many factors, including thrombin and complement factors,
contribute to brain edema formation after ICH (17), and both
thrombin and complement can activate microglia (11,18).
It is unclear, however, whether or not thrombin-or complement-
mediated brain edema is through microglia activation.

Minocycline reduces ICH-induced brain tissue loss and
improves functional outcomes suggesting that acute micro-
glia activation after ICH may be harmful. Microglia secrete
many toxic materials such as free radicals and can cause
brain damage (6). Our results are supported by a study by
Wang et al. who found that microglial inhibition decreases
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injury volume and improves neurobehavioral deficits in a
collagenase-induced ICH mouse model (14). However, it
should be noted that although microglial activation is a brain
injury marker for many central nervous system diseases,
microglia can also have neurotrophic actions (10).
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Myocardial Dysfunction in Subarachnoid
Hemorrhage: Prognostication by Echo
Cardiography and Cardiac Enzymes. A Prospective Study

Prasad Vannemreddy, Prasanna Venkatesh, Kumar Dinesh, Pratap Reddy, and Anil Nanda

Abstract

Background The myocardial dysfunction in nontraumatic
sub-arachnoid hemorrhage (SAH) is not well understood.
Borderline elevations of cardiac biomarkers, electrocardio-
graphic repolarization abnormalities and systolic dysfunc-
tion have been reported but the clinical significance of these
abnormalities is uncertain.

Methods Patients without history of cardiac disease were
prospectively evaluated for cardiac dysfunction. Myocardial
regional wall motion and left ventricular ejection fraction
(LVEF) were serially studied by transthoracic echocardio-
gram along with cardiac enzymes.

Results The mean age of the study population was 53 years.
Majority of the patients had aneurysms (N = 38). The mean
LVEF was 55 + 15%. Eight patients had evidence of WMA,
mostly global hypokinesia (63%). The mean LVEF of
patients with WMA was significantly lower compared to
those without WMA (p < 0.001) at day 0. Systolic function
recovered in 25% of these patients. The mean value of tro-
ponin was significantly higher in those with WMA (p <
0.001) and mean GCS upon admission was significantly
lower (p < 0.001). On multivariate analysis, WMA were
associated with poor GCS (p < 0.01) and increased hospitali-
zation (P < 0.01).

Conclusions WMA with systolic dysfunction occurred in
20% of patients and recovered within 3 days in 25%. Patients
with evidence of WMA had a significant myocardial dys-
function, higher troponin levels and poor GCS.

Keywords Subarachnoid hemorrhage ° echo cardiography
» myocardial dysfunction ¢ ejection fraction ® cardiac enzymes
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Introduction

The association between SAH and myocardial dysfunction
cannot be overemphasized. There is paucity of information
on the natural history of left ventricular systolic dysfunction
in patients who survive a SAH. Cheng published his report
of a patient who presented with SAH mimicking acute myo-
cardial infarction (5). Similar but more dramatic was the pre-
sentation by Galasko et al about a patient with SAH
presenting as acute myocardial infarction with electrome-
chanical arrest (9). This patient had a normal coronary
angiography but extensive SAH on CT scan of brain and
died after 16 h of admission. Previous studies suggested that
significant cardiac dysfunction can occur in patients with
acute intracranial hemorrhage, particularly in those with
subarachnoid hemorrhage (6,11).

Materials and Methods

Patients admitted with nontraumatic SAH but without known
preexisting cardiac disease were evaluated by serial cardiac
enzyme, ECG and echocardiographic studies. Exclusion cri-
teria included a delayed admission of 7 or more days after
hemorrhage, death before angiography and a history of pre-
existing cardiac disease (coronary artery disease (CAD),
valvular heart disease, or arrhythmia. From the eligible
patients, details of both clinical and investigative modalities
like age, gender, premorbid conditions, risk factors, SAH-CT
grading, Hunt and Hess grading of SAH, ECG findings, car-
diac enzymes (troponinl, CK-MB) were recorded. Diagnosis
of aneurysmal SAH was documented by CT angiogram and/
or conventional four vessel cerebral angiography. Initial
echo was done on the day of admission. Standard parasternal
long axis, short axis, and apical 2- and 4-chamber views
were obtained for analysis of left ventricular function. Serial
EKG, Echo cardiography and enzyme studies were obtained
on day 0, day 1 and day 3.
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Results

The mean age (+SD) of the study population was 53 (+13)
years. Females comprised 58 % of the population. The major-
ity of these patients had evidence of intracranial aneurysms
(38/42). All aneurysms were treated and 15 of them had
postoperative complications. The mean GCS upon admis-
sion was 13.1. The mean LVEEF for total population was 55 +
15%. Ten patients (20%) had evidence of WMA. The WMA
seen were mostly global hypokinesis (5/8 = 63%) and the
rest were regional WMA involving the anterior wall, septum
or basal inferior walls. The mean LVEF of patients who
demonstrated WMA was significantly lower compared to
those without WMA (30% vs 62%, p < 0.001) at day O.
Systolic function recovered in 25% of these patients by day 3.
The mean level of troponin for the study population was
0.262. The mean value of troponin was significantly higher
in those with WMA compared to those without WMA (0.938
vs 0.077, p < 0.001).

Moreover, the mean GCS upon admission was signifi-
cantly lower in patients with WMA compared to those with-
out WMA (8.2 vs 14.1, p < 0.001).

On multivariate regression analysis, WMA were associ-
ated with poor GCS (P < 0.01) and increased hospital stay
(P < 0.01). The details of relationships among the cardiac
dysfunction and other variables show that poor neurological
status had significant correlation with myocardial dysfunction.
These associations, in turn had shown statistically significant
association with patient outcomes.

Discussion

Intracranial hemorrhage is associated with high mortality
and morbidity. Following initial hemorrhage 10% die before
reaching the hospital and about 8% die from progressive
deterioration from the initial hemorrhage; of those reaching
the neurosurgical intensive care 7% die because of vasos-
pasm and another 7% get severely disabled. Overall, half of
the patients succumb to SAH in the first month itself (9).

In SAH, many abnormalities are noted in ECG and
echocardiography depending upon the severity of the intrac-
ranial hemorrhage. ECG abnormalities occur frequently but
there is no consistent relation between these abnormalities
and actual cardiac injury or ischemia in SAH. Abnormalities
in echocardiogram or left ventriculogram in cases with SAH
include transient global or segmental left ventricular hypoki-
nesis or akinesis. Histologically apparent cardiac lesions and
ECG abnormalities seen in these patients are similar to those
observed in hyperadrenergic animals as well as patients with
pheochromocytoma or who received norepinephrine infusion

P.Vannemreddy et al.

before death (13,14). Braunwald and Kloner attributed
stunned myocardium to a delayed recovery of ATP concen-
tration because the process of recovery of post ischemic
intracellular ATP depletion following the re-establishment of
perfusion was found to occur in parallel with the recovery of
myocardial contractility (3). It is pertinent to note that coro-
nary angiography in many of these cases with stunned myo-
cardium did not reveal coronary vasospasm and occlusion (10).
In rare cases there may be enzymatic evidence of myocardial
necrosis. So dramatic may be the presentation of myocardial
stunning that often death ensues even before evaluation of
intracranial pathology (8).

Itis suggested that hypothalamic ischemia in these patients
with vasospasm can precipitate an intense sympathetic dis-
charge that causes myocardial injury. Interestingly, hypotha-
lamic hemorrhage and infarction are frequently found in
conjunction with myocardial damage in SAH at autopsy of
these patients (12). The cardiac enzymes may not be signifi-
cantly elevated in these patients reflecting the minimal extent
of myocardial necrosis (15). Yuki et al also reported cases
where coronary angiography was normal even though the
EKG changes were consistent with myocardial ischemia (16).
This kind of myocardial stunning phenomenon was thought
to be due to reversible cellular disturbances due to free radi-
cals. The degree of cardiac dysfunction evident on echo car-
diogram is more closely associated with the severity of SAH
and with poor neurological status than it is with ECG changes
(4). This probably would explain the high risk of mortality
and morbidity in patients with poor neurological status.

Deibert et al reported that in seven of the 12 patients with
elevated troponin-1 levels, there was echocardiographic evi-
dence of left ventricular dysfunction, which later returned to
normal (5). These patients underwent further evaluation and
no evidence of CAD was found. In another study abnormal
left ventricular wall motion occurred exclusively in patients
with peak CK-MB levels >2%, poor neurological grade, and
female sex (11).

Elrifai et al studied cardiac effects of acute SAH in nine
adult mongrel dogs; microscopic examination of the heart
showed evidence of myocardial changes in one animal with
the use of light microscopy and in all nine with the use of
electron microscopy (7).

Activation of the sympathetic nervous system after SAH
typically results in a hyperdynamic cardiovascular state and
even small elevations in myocardial enzymes reflect relative
cardiac decompensation and failure of the left ventricle to
meet these inotropic demands. Benedict and Loach found that
plasma epinephrine and norepinephrine levels were signifi-
cantly raised in patients recovering from SAH, and higher lev-
els on admission were associated with a poor outcome (1,2).

Conclusions: Echocardiography was abnormal in aneu-
rysmal SAH compared to non aneurysmal SAH. Regional
wall motion abnormalities (RWMA) seen in SAH were
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Fig.1 Panels (a) and (b) show the parasternal long axis views at end-
systole and end-diastole respectively from a patient with SAH at the
time of admission. There is severe global hypokinesis, mid septal aki-
nesis, with reduced LVEF. The reduced systolic thickening of the ven-
tricular walls and the akinesis of the mid septum can be appreciated in
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Fig.2 Left ventricular regional wall motion abnormalities had significant
relationship with abnormal ejection fraction (P < 0.01)

this view. Panels (¢) and (d) show parasternal long axis views at end-
systole and end-diastole respectively from the same patient 12 days
later. Compared to the previous echo, there is improvement in the wall
thickening, wall motion and systolic function. The mid septal akinesis
is no longer evident

distinct from patterns seen in coronary heart disease. Clinical
grade had significant correlation with RWMA. Reversal of
the RWMA was seen in follow up echocardiography, sug-
gesting that these changes are transient. LV dysfunction and
RWMA had association with mortality (Figs. 1 and 2).

Conflict of interest statement We declare that we have no conflict of
interest.

References

1. Benedict CR, Loach AB (1978) Clinical significance of plasma
adrenaline and noradrenaline concentrations in patients with subarach-
noid haemorrhage. J Neurol Neurosurg Psychiatry 41(2):113-117

2. Benedict CR, Loach AB (1978) Sympathetic nervous system
activity in patients with subarachnoid hemorrhage. Stroke 9(3):
237-244



154

. Braunwald E, Kloner RA (1982) The stunned myocardium: prolonged,

postischemic ventricular dysfunction. Circulation 66(6): 1146-1149

. Bulsara KR, McGirt MJ, Liao L, Villavicencio AT, Borel C,

Alexander MJ, et al. (2003) Use of the peak troponin value to dif-
ferentiate myocardial infraction from reversible neurogenic left
ventricular dysfunction associated with aneurismal sub arachnoid
hemorrhage. J Neurosurg 98(Mar):524-528

. Cheng T (2004) Subarachnoid hemorrhage mimicking acute myo-

cardial infarction. Int J Card 95:361-362

. Davies KR, Gelb AW, Manninen PH, Boughner DR, Bisnaire D

(1991) Cardiac function in aneurysmal subarachnoid haemorrhage:
a study of electrocardiographic and echocardiographic abnormali-
ties. Br J Anaesth 67(Jul):58-63)

. Deibert E, Barzillai B, Braverman AC, Edwards DF, Aiyagari V,

Dacey R, et al. (2003) Clinical significance of elevated troponin I
levels in patients with nontraumatic subarachnoid hemorrhage.
J Neurosurg 98(Apr):741-746

. Elrifai AM, Bailes JE, Shih SR, Dianzumba S, Brillman J (1996)

Characterization of the cardiac effects of acute subarachnoid hem-
orrhage in dogs. Stroke 4:737-741

. Galasko GIW, Dubowitz M, Senior R (2001) Subarachnoid hemor-

rhage presenting as acute myocardial infarction with electrome-
chanical dissociation arrest. Heart 86:340-341

10.

11.

12.

13.

14.

15.

16.

P.Vannemreddy et al.

Jain R, Deveikis J, Thompson BG (2004) Management of patients
with stunned myocardium associated with subarachnoid hemor-
rhage. Am J Neuroradiol 25:126-129

Mayer SA, Fink ME, Homma S, Sherman D, LiMandri G,
Lennihan L et al (1994) Cardiac Injury associated with neurogenic
pulmonary edema following subarachnoid hemorrhage. Neurology
44(5):815-820

Pine DS, Tierney L (1996) A stressful interaction. NEJM 334:
1530-1534

Szakacs JE, Cannon A (1958) L-Norepinephrine myocarditis. Am
J Clin Pathol 30(5):425-434

Todd GL, Baroldi G, Pieper GM, Clayton FC, Eliot RS (1985)
Experimental catecholamine-induced myocardial necrosis. II.
Temporal development of isoproterenol-induced contraction band
lesions correlated with ECG, hemodynamic and biochemical
changes. J Mol Cell Cardiol 17(7):647-656

Wells C, Cujec B, Johnson D, Goplen G (1995) Reversibility of
severe left ventricular dysfunction in patients with subarachnoid
hemorrhage. Am Heart J 139:409-412

Yuki K, Kodama Y, Onda J, Emoto K, Morimoto T, Uozumi T
(1991) Coronary Vasospasm following subarachnoid hemor-
rhage as a cause of stunned myocardium. J Neurosurg 75:
308-311



The Effects of Tetrahydrobiopterin on Intracerebral
Hemorrhage-Induced Brain Injury in Mice

Reiko Tsuchiyama, Takumi Sozen, Elena Titova, John H. Zhang, and Jiping Tang

Abstract Tetrahydrobiopterin (BH4) is an essential
cofactor for nitric oxide synthase (NOS) and is presently
used clinically to treat forms of phenylketonuria. BH4 has
been reported to restrain superoxide generation of NOS and
chemically reduce superoxide. However, there has been
no report concerning the effects of BH4 in intracerebral
hemorrhage (ICH). In the present study, we investigated the
neuroprotective effect of BH4 against ICH-induced brain
injury in a mouse model.

A total of 26 male CD1 mice (31-39 g) were divided into
sham, ICH-vehicle, and ICH-treated with BH4 groups (n =8
in each group). ICH was induced by collagenase injection
into the right basal ganglia. BH4 (20 mg/kg) was adminis-
trated intraperitoneally at 1 h after ICH. The effect of BH4
was measured by neurological score and brain water content
at 24 h after ICH.

Our data demonstrates that ICH caused significant neuro-
logical deficit that is associated with brain edema. Treatment
with BH4 did not reduce brain edema and neurological defi-
cits at 24 h after ICH in mice. Further study is required to
investigate the long-term effect of BH4 in ICH-induced
brain injury.

Keywords Tetrahydrobiopterin(BH4) ¢ ICH * mice  brain
edema

Introduction

Intracerebral hemorrhage (ICH) is a common and often fatal
subtype of stroke and carries high mortality and morbidity.
Except the initial hemorrhagic impact, secondary brain
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injury contributes to the poor clinical outcomes. Oxidative
stress is considered a major contributor to ICH-induced
secondary brain injury (1).

Hemoglobin (Hb) autoxidation and the iron release due to
hemoglobin degradation start a chain of Hb-driven oxidative
reactions (1). Reactive oxygen species (ROS) including
superoxide anion, hydrogen peroxide and peroxynitrite
(ONOO-) are produced. In addition, it has been reported that
the inducible NO synthase (NOS)-derived peroxynitrite
(ONOO-) contributes to ischemic brain injury (6). Blockade
of endogenous brain tetrahydrobiopterin (BH4) (an essential
cofactor for NOS activity) synthesis attenuates cerebral
infarction via inhibiting iNOS and ONOO- (6). It was
described that formation of superoxide (14) and hydrogen
peroxide (7) in part is controlled by BH4 and BH4 efficiently
inhibits superoxide generation from the heme group at the
oxygenase domain of eNOS (13). However, a possible role
of BH4 in secondary brain injury after ICH has not been
examined. The goal of the presented study was to test
whether BH4 administration may reduce brain edema for-
mation and thus reduce neurological deficit after ICH.

Materials and Methods

Animal Preparation

A total of 26 male CD1 mice (31-39 g) were divided into
sham (n = 8), ICH-vehicle (n = 9), and ICH-treated with
BH4 (n =9). ICH was induced by collagenase injection into
the right basal ganglia as described by Rosenberg et al. (8).
(6R)-5,6,7,8-Tetrahydrobiopterin  dihydrochloride (BH4,
Sigma-Aldrich, St. Louis, MO) was administrated intraperi-
toneally at 1 h after ICH. All surgical procedures were
approved by the Loma Linda University Institutional
Committee for Animal Care and Handling. Animals were
housed under 12:12 h light/dark cycle with access to water
and food ad libitum.
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Neurological Deficits and Mortality

Neurological scores were assessed 24 h after ICH by an
independent researcher blinded to the procedure using a
modification of scoring (21 points) reported by Garcia et al.
(2) (minimum score = 0, maximum score (healthy mouse) =21).
In addition, Beam Balance and Wire Hang scoring were also
performed. Beam L (90 cm, & 1 cm) and Wire L (50 cm, &
1 mm) were bridges built between platforms. Mice were put
on the center of Beam or Wire and time and behavior were
evaluated until they reached one platform, when they scored
five grades. This was repeated three times and an average
(minimum score = 0, maximum score (healthy mouse) = 5)
score was calculated.

Brain Water Content

Brains were divided into ipsilateral basal ganglia and cortex,
contralateral basal ganglia and cortex, and cerebellum for
the measurement of water content as described previously
(12). Tissue samples were weighed on an electronic analyti-
cal balance (APX-60; Denver Instrument, Denver, CO, USA)
to obtain the wet weight (WW), then dried at 100°C for 24 h
to determine the dry weight (DW). Brain water content (%)
was calculated as [([WW-DW)/ww] x100.

Results

The mortality rate at 24 h after collagenase injection did not
differ between vehicle and treated group (11%, 1 of 9). The
collagenase-induced hemorrhage detected in both vehicle
and BH4 group (Fig. 1) resulted in significant neurological
deficit versus sham animals (*p < 0.05, **p < 0.01 vs sham,
ANOVA). However, performed neurological tests did not
show significant difference between vehicle and BH4-treated
groups at 24 h after ICH induction. (Fig. 2a, b).

ICH induction resulted in markedly increased brain edema
as compared with sham-operated animals (*p<0.05,
ANOVA). Again, no statistically significant difference was
found between vehicle and treated groups (Fig. 3).

Discussion

Tetrahydrobiopterin (BH4) is a cofactor of aromatic amino
acid hydroxylases, which are regarded as key enzymes in
the biosynthesis of several neurotransmitters, including
catecholamines and serotonin (5). In addition, BH4 is

R. Tsuchiyama et al.

Fig. 1 Representative photographs of sham, vehicle-treated and BH4-
treated mice brains. The hemorrhage volumes did not differ between
both ICH-induced groups at 24 h after surgery

required for the activity of all NO synthase (NOS) isoforms:
neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible
NOS (iNOS). It was shown that deficiency of BH4 leads to
NOS-driven generation of superoxide anion instead of NO.
Exogenous BH4 administration has been reported to restore
impaired eNOS in endothelial dysfunction (10). In animal
models it leads to reduced ischemia/reperfusion injury in the
heart, stomach, kidney, and lung (3,4,9,11).

However, the effect of BH4 in cerebral hemorrhage model
has not been tested. Our study presents the first experience of
BH4 usage in ICH animal model. In this study, at its present
stage, no neuroprotective effect of tetrahydrobiopterin in
neurological functional tests and in brain edema formation
was shown due to the short-term examination. The long-term
effect of BH4 in secondary brain injury after ICH and a
possible role of BH4 antagonist which was reported to
reduce ischemic brain injury (6) will be studied.

Conflict of interest statement We declare that we have no conflict of
interest.
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Fig. 2 (a and b) Neurological function was markedly impaired after ICH induction (*p < 0.05, **p < 0.01 vs. sham, ANOVA). However, there

was no difference between vehicle and BH4-treated groups at 24 h after ICH
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Fig. 3 Brain edema detected in ipsilateral basal ganglia was signifi-
cantly higher in both ICH groups when compared with sham-operated
animals (**p < 0.001 vs. sham, ANOVA). Brain edema was found in
contralateral basal ganglia and ipsilateral cortex in vehicle and treated
groups, respectively (*p < 0.05 vs. sham, ANOVA). However, BH4
treatment did not result in reduction of brain edema (p > 0.05 vehicle
vs. BH4, ANOVA)
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Estrogen Reduces Iron-Mediated Brain Edema and Neuronal Death

Y. Gu, G. Xi, W. Liu, R. F. Keep, and Y. Hua

Abstract Our previous studies found that 17-f estradiol
attenuates edema formation after intracerebral hemorrhage
(ICH). As brain iron overload occurs after ICH and contributes
to ICH-induced brain injury, the present study examined the
effects of estrogen on iron-induced brain injury in vivo and
in vitro.

There were two sets of experiments in this study. In the
first set, male Sprague-Dawley rats were pretreated with
17-B estradiol or vehicle prior to an intracerebral injection
of ferrous iron. Ferrous iron was injected into the right
caudate and the rats were killed 24 h later for brain edema
measurement. In the second set, primary cultured neurons
were pretreated with different doses of 17-f estradiol or
vehicle for 24 h. The cells were then exposed to ferrous iron
for 48 h when culture medium was collected for lactate
dehydrogenase measurement. Neuronal death was also
assessed by live/dead cell assay.

Estrogen pretreatment reduced brain water content (p <
0.01) 24 h after iron injection. Estrogen also protected
against iron-induced cell death in cultured neurons. Estrogen
reduces iron-induced brain edema in vivo and neuronal
death in vitro suggesting estrogen could be a potential
therapeutic agent for ICH.

Keywords Brain edema e« cerebral hemorrhage « estrogen
e iron

Introduction

Iron, a hemoglobin degradation product, accumulates in the
brain after intracerebral hemorrhage (ICH) (18). ICH-
induced brain iron overload contributes to both early and
delayed brain injury (5,10,11).
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Estrogen has been shown to confer strong brain protection
in experimental cerebral ischemia (7,17) and we have found
that brain edema is reduced when estrogen is given before
or after ICH (9,12). The mechanisms involved in estrogen-
induced protection are unknown. The present study investigated
whether or not estrogen reduces iron-induced brain edema
in vivo and neuronal death in vitro.

Materials and Methods

Experimental Groups

There were two groups of experiments in this study. In the
first group, male Sprague-Dawley rats were pretreated with
17-B estradiol (5 mg/kg) or vehicle at 24 and 2 h prior to an
intracerebral injection of ferrous iron. Ferrous iron (0.2 mM,
50 uL) was injected into the right caudate and the rats were
killed 24 h later for brain water content measurement. In the
second group, primary cultured neurons were pretreated
with different doses of 17-f estradiol (10 nM to 10 uM) or
vehicle for 24 h. The cultured neurons were then exposed to
ferrous iron (500 uM) for 48 h when culture medium was
collected for lactate dehydrogenase (LDH) measurement.
Neuronal death was also assessed by live/dead cell assay.

Animal Preparation and Intracerebral
Injection

The University of Michigan Committee on the Use and Care
of Animals approved the protocols for these animal studies,
which used male Sprague-Dawley rats aged 3 to 4 months
(Charles River Laboratories, Wilmington, MA). Septic precau-
tions were used for all surgical procedures, and body tempera-
ture was maintained at 37.5°C using a feedback-controlled
heating pad. Rats were anesthetized with pentobarbital
(50 mg/kg, i.p.) and the right femoral artery was catheterized
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for continuous blood pressure monitoring and blood sampling.
Blood from the catheter was used to determine pH, PaO,,
PaCO,, hematocrit, and glucose. The animals were positioned
in a stereotactic frame (David Kopf Instruments, Tujunga,
CA). Ferrous iron was injected into the right caudate nucleus
through a 26-gauge needle at a rate of 10 uL/min using a
microinfusion pump (Harvard Apparatus, Inc., Holliston,
MA). The coordinates were 0.2 mm anterior to bregma,
5.5 mm ventral, and 4.0 mm lateral to midline. After intrac-
erebral injection, the needle was removed and the skin
incision closed with suture.

Brain Water and lon Content Measurements

Rats were killed under deep pentobarbital anesthesia at 24 h
after iron injection. The brains were removed immediately
and a 4-mm thick coronal section was taken 3 mm from the
frontal pole. The brain sample was then divided into cortex
or basal ganglia (ipsilateral or contralateral). Tissue samples
were weighed to obtain the wet weight (WW). The tissue was
then dried in a gravity oven at 100°C for more than 24 h to
determine the dry weight (DW). Tissue water content (%) was
calculated as (WW-DW]/WW) x 100. Dehydrated brain samples
were digested in 1 mL of 1 N nitric acid for 1 week. Sodium
and potassium ion contents in this solution were measured
by flame photometry and expressed in micro-equivalents per
gram of dehydrated brain tissue (WEq/gm dry wt).

Primary Cortical Neuronal Culture

Neuronal cultures were established from embryonic day-17
Sprague-Dawley rat cerebral cortex. Cultures were prepared
according to a previously described procedure with some
modifications (8).

Measurement of Lactate Dehydrogenase

LDH activity in cell culture media was measured using a
commercially available kit (Roche, Pleasanton, CA) according
to the manufacture’s instructions. The activity of LDH in the
medium was expressed as mU/mL.

Live/Dead Cell Assay

Cell viability was assessed using a commercial kit (Live/
Dead Viability/Cytotoxicity assay kit, Molecular Probes,
Eugene, OR) according to the manufacture’s instructions.

Y.Guetal.

Samples were viewed under a microscope. For each sample,
four randomly spots were selected. Quantification of dead
cells (percent of red cells/red + green cells) was performed
by 1.62 NIH image system.

Statistical Analysis

All data in this study are presented as mean = standard
deviation. Data were analyzed with Student’s t test or ANOVA
test. Significance levels were set at p < 0.05.
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Fig. 1 Brain water (a), sodium (b) and potassium (c) contents in the
ipsilateral (ipsi) and contralateral (contra) basal ganglia (BG) and
cortex (Cx) 24 h after intracerebral injection of ferrous iron. Rats were
pretreated with 17-f estradiol (E2; 5 mg/kg) or vehicle 24 and 2 h prior
to ferrous iron injection. Values are mean + SD, n = 5-7, *p < 0.05, #p

< 0.01 vs. vehicle
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Results

Physiological variables including mean arterial blood
pressure, blood pH, PaO,, PaCO,, hematocrit, and blood
glucose level were controlled within normal ranges.

Intracerebral injection of ferrous iron caused brain edema
in the ipsilateral basal ganglia (80.6 + 0.9 vs. 78.2 + 0.6% in
the contralateral side, p < 0.05) at 24 h. Estrogen pretreatment
reduced the water content (79.0 = 0.3 vs. 80.6 = 0.5% in the
vehicle-treated group, p < 0.01, Fig. 1a) in the ipsilateral
basal ganglia 24 h after iron injection. This was accompa-
nied by a reduction in brain sodium content (239.9 + 9.2 vs.
2947 £ 67.7 uEg/g dry wt in the vehicle-treated group,
p < 0.05, Fig. 1b) and reduced brain potassium loss (407.1 +
27.7 vs. 458.7 + 39.2 uEq/g dry wt in vehicle-treated group,
p < 0.05, Fig. 1c).

Estrogen also protected against iron-induced cell death in
cultured neurons. The LDH release induced by ferrous chloride
was significantly reduced by 17-§ estradiol pretreatment at
all doses (e.g. at dose of 1 uM: 41 £ 7 vs. 58 = 13 mU/mL in
the vehicle-treated group, p < 0.05, Fig. 2a). In addition,
iron-induced cell death (percentage to total cells) was less
after 17-f estradiol treatment (p < 0.05, Fig. 2b).

Discussion

Our previous study showed that 17(B-estradiol attenuates
ICH-induced brain edema (9). Perihematomal brain edema
is commonly observed during the acute and subacute stage
following ICH, contributing to poor outcomes (14,15,20).

80

LDH (mU/ml)
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0.1 uM 1 uM 10 uM

E2 0 10 nM
Fig. 2 (a) LDH levels in the neuronal culture medium 48 h after FeCl,
(500 uM) treatment. Neurons were pretreated with 17-3 estradiol (E2)
at different concentrations (0, 10 nM, 0.1 uM, 1 uM and 10 uM) for 24
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Although the mechanisms of edema formation following
ICH are not fully resolved, several mechanisms are responsible
for edema development. These include hydrostatic pressure
during hematoma formation and clot retraction; coagulation
cascade activation and thrombin production; erythrocyte
lysis and iron toxicity (19). Iron has an important role in brain
edema formation following ICH. We have demonstrated that
deferoxamine, an iron chelator, can reduce perihematomal
brain edema (11). In the present study we found that estrogen
reduces iron-induced brain edema. The result suggests that
estrogen-induced attenuation of brain edema following ICH
may result from less iron toxicity.

Estrogen can also reduce iron-induced neuronal death.
Recent studies have demonstrated that brain atrophy occurs
after ICH in rats and in humans (5). Felberg et al. reported a
20% reduction in ipsilateral striatum volume and an increase in
the ipsilateral ventricular size at 100 days after experimental
ICH (2). Our data also found that brain atrophy develops
gradually and peaks between 1 and 2 months after ICH in the
rat and that deferoxamine can reduce ICH-induced brain
atrophy implicating iron in such atrophy (5). Future studies
should examine whether or not estrogen can reduce brain
atrophy after ICH.

The precise mechanisms of estrogen-induced neuropro-
tection are not well understood, but estrogen reduces inflam-
mation, diminishes programmed cell death and attenuates
oxidative brain damage (3,4,6,16). There is also evidence that
it can upregulate potentially protective heat shock proteins
within the brain (1). Several estrogen receptors have been
discovered including estrogen receptor (ER)-a., -p3, -X and a
membrane estrogen receptor (13). Evidence indicates that
estrogen-induced neuroprotection can be estrogen receptor-
mediated or non-estrogen receptor-mediated (13).
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Estradiol reduced neuronal death induced by FeCl, (500 uM). Values
are mean + SD, *p <0.05 vs. vehicle
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In summary, estrogen reduces brain edema and neuronal
death induced by iron suggesting that acute use of estrogen
could be a new therapy for ICH.
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Improving Diagnostic Value of CT Examinations

in Hyperacute Ischemic Stroke

A. Przelaskowski, J. Walecki, K. Sklinda, and G. Ostrek

Abstract This paper presents a computer assisted support
of ischemic stroke diagnosis based on nonenhanced CT
examinations acquired in the hyperacute phase of stroke.
Computational analysis, recognition, and image understand-
ing methods were used for extraction of the subtlest signs of
hypodensity in diagnostically important areas. Starting from
perception improvement, suggestive and coarse image data
visualization was designed as a complement of the standard
diagnosis procedure based on CT scan soft-copy review. The
proposed method includes an evidence-based description of
ischemic conditions and changes, de-skulling and segment-
ing of unusual areas, the analysis of hypodensity signs across
scales and subbands with noise reduction, and hypodensity
extraction. Following visualization, forms of empowered
hypodensity symptoms localize suggested ischemic areas
in source brain image space. Increased visibility of cerebral
ischemia for difficult-to-diagnose cases was experimentally
noticed and improved diagnostic value of CT was concluded.

Keywords Computer aided diagnosis ¢ hyperacute stroke
detection ¢ multiscale image analysis ¢ image content
extraction

Introduction

The recent advent of thrombolytic therapy for hyperacute
stroke treatment makes the earliest detection of areas of
hypoattenuating ischemic parenchyma exceedingly impor-
tant (1-4). However, although CT plays a crucial role in
the evaluation of stroke patients, it is not sufficient for
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visualizing infracted cerebral tissues in the hyperacute stage.
On the initial CT-scan, performed during the hyperacute
phase of stroke (0-6 h), a hypodense area (direct infarct
sign defined as any area in the brain with density lower than
normal) surrounding brain tissues does not need to be seen.
Early indirect findings, such as obscuration of gray/white
matter differentiation and effacement of sulci or “insular
ribbon sign”, may be sometimes noticed instead. Afterwards,
it becomes possible to detect a slight hypodense area of
infarction either in the cortices or the basal ganglia. Initially,
the low density region is poorly defined, becoming more
sharply delineated in the following hours (1-7). However,
many infarcts do not emerge on CT until hours after the
onset of stroke; 50-60% of stroke cases have normal CT
before 12 h after stroke onset (8). Hence, effective and
reliable computer assistance, which has become one of the
major research subjects in medical imaging and diagnostic
radiology (9), is considered to improve diagnostic value of
CT examinations for those cases.

Computer aided diagnosis (CAD) is a sophisticated
program that supports the doctor’s interpretations and find-
ings. Automatic detection and characterization of lesions,
perception enhancement, and other suggested indications in
radiological images are based on image processing, computer
vision, artificial intelligence, or computational intelligence
completed by semantic technologies with formalized domain
knowledge. For some clinical cases in which radiologists are
confident about their judgments, radiologists may disagree
and then disregard the computer. Otherwise, for cases in
which radiologists are less confident, it is expected that the
final decision can be improved by use of reliable computer
output. The potential gain is due to the synergistic effect
obtained by combining the radiologist’s competence and the
computer’s capability (9). Computer suggestions can be
utilized by radiologists, but not replace the judgment of the
radiologists. Distinct computer aid is extremely useful for
reliable support of as early as possible diagnosis for hyper-
acute cases. Ischemic stroke diagnosis based on nonen-
hanced CT examinations acquired in the hyperacute phase of
stroke is an important and difficult computer assistance
challenge (10—12). All available domain knowledge (i.e.,

165



166

disease and imaging modality conditioning) is useful for
optimizing CAD tool efficiency.

Focal hypodense changes were found to be the most fre-
quent and reliable signs of early cerebral ischemia. A
decline in cerebral blood flow causes the brain tissue to
take up water immediately. Thus, in the early stage of cere-
bral ischemia, the tissue changes mainly consist of altera-
tions in water and electrolyte content. Parallel intracellular
increase of sodium and a decrease of potassium concentra-
tion occur. A 2—4% increase in brain tissue water within 4
h of MCA occlusion was noticed in several experiments
(1). Increase of water content causes the lowering of brain
attenuation coefficients in hyperacute ischemia, which
leads to a discrepant decrease of about 1.3-2.6 HU for 1%
change in water content (2). The discrepancy of water
uptake and density changes might suggest an incomplete-
ness of ischemic physiology model and unclear impact of
other factors (e.g., decreased lipids, increased protein, and
electrolyte changes).

Furthermore, the attenuation coefficients of brain paren-
chyma vary, mainly due to the differing thickness of the cra-
nial vault. Dense bone lowers the energy of the beam and,
thus, increases attenuation. M. Bendszus et al. (10) found
inter-individual differences (i.e., bone artifacts) of up to 14
HU in brain parenchyma at comparable scan levels. The suf-
ficient accuracy, stability, and linearity of CT number (HU)
and degradation of contrast resolution caused by noise are
the next problem. The CT number for water should ideally
be zero, but the actual value changes because of variations in
the stability of the detector system or x-ray source. Normally,
these variations (i.e., standard deviation of the water value)
are very small and most scanners should be able to stay
within 2 HU of zero for water. The mean CT number mea-
sured over the central test ROI (region of interests) should be
in the range of 4 HU, which is close to the early changes
within ischemic region.

Diffusely interspersed changes in grey shade can hardly
be distinguished in noisy areas because of a low brightness
contrast, bone artifacts, and non-optimum scanning. That
is why ischemic area is not well outlined, contrasted, or
even noticeable. Nevertheless, it is evident that the early
changes with ischemia occur, but may vary within the lim-
ited range of HU scale depending on cerebral infarct case,
discrepant patient characteristics, and acquisition and
technological conditioning. Because of the human eye
limitations, these first ischemic signs can often be out of
visibility range. The typical preview window of width 80
HU gives maximum noticeable change of 1-2 grey shade
within the first 4 h of ischemia. Computer capability of
signal extraction may be useful to make hidden hypodensity
signs visible.

A. Przelaskowski et al.

Methods and Materials

A stroke CAD method called Stroke Monitor was designed
to improve diagnostic value of emergency CT scans through
increased perception of hypodensity changes in hyperacute
ischemic stroke cases. The suggested processing method
was based on multiscale image data processing, de-noising,
and identified lesion pattern extraction optimized by visual-
ization procedure (13). Although experimental verification
of Stroke Monitor confirmed improved diagnostic efficiency,
some limitations caused further optimization research.
Retrospective evaluation of 52 sets of examinations con-
ducted in patients admitted with symptoms suggestive of
stroke was undertaken by four radiologists unaware of the
final clinical findings. All of the selected cases were consid-
ered as having no direct signs of hyperacute ischemia in the
localization corresponding with clinical manifestation and
follow-up studies (reported more exhaustively in (13)).
At the first stage, only the CTs performed at admission were
evaluated; after a month, the same scans were evaluated
again with additional use of wavelet-based Stroke Monitor
for stroke perception improvement. Subtle tissue attenuation
changes were investigated, de-noised, extracted, and visual-
ized. Follow-up CT exam and/or clinical picture confirmed
or excluded the diagnosis. Sensitivity of 0.641 and specific-
ity of 0.688 was gained for the wavelet-based stroke monitor
aided diagnosis. Statistical significance of p = 0.031 for
diagnosis improvement in comparison to conventional image
review was noticed. However, for certain cases, prior Stroke
Monitor was completely ineffective, causing reduction of
sensitivity and specificity in comparison to conventional
diagnosis. Considering these results with concluded effi-
ciency limitations, an additional post-processing method
based on complementary distinct hypodensity extraction has
been designed.

An image data visualization method that extracts and
distinctly communicates hypodensity as a signature of isch-
emia to the observers was proposed. Distinct Hypodensity
Extraction (DHE) complements conventional CT scan view
with highly specific to infarct cases display. Multiscale image
transformations were used to analyze image content basing
on spatially distributed soft tissue properties over different
scales and subbands. Hypodensity may be effectively identi-
fied through hierarchical local data representation with sig-
nal energy compaction and information ordering; next, data
analysis and processing in transform domain; finally, data
reconstruction and adjusted visualization. Post-processing in
space-scale domain is less susceptible to local perturbations,
artifacts, and beneficial noise suppression. Adaptive local
contrast enhancement and clear tissue density distinction
is possible.
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Initial two-stage segmentation of the regions susceptible to
subtle ischemic density changes was applied to eliminate false
indications in diagnostically unusual areas. False positives
must be avoided since treating ineligible patients with intrave-
nous thrombolysis is associated with an unacceptable risk of
hemorrhage and death. De-skulling was the first stage.
Moreover, clearly noticeable low density areas (e.g., sulci,
prior ischemic scars) are not the subject of interest and should
be omitted for processing. Thus, brain tissue areas with low
density were segmented and fulfilled with higher density tissue
(certainly not ischemic), providing continuous representation
of white and gray matter region. Modified images were pro-
cessed for final visualization. The essential procedure of
hypodensity extraction was based on multiscale data process-
ing. Multiscale image decomposition based on successive
transformations with non-perfect reconstruction wavelet basis
of separated horizontal-vertical kernels and curvelet basis of
2D kernels were used for de-noising and semantically defined
stroke features extraction. Curvelets ensure better description
of margin curvature to recognize that the boundary is smooth
(14). Adaptive thresholding of the coefficients distributed
across scales and subbands were used to model disease signa-
tures more effectively. Algorithm arrangement is as follows:

Distinct Hypodensity Extraction Algorithm

1. Image conditioning with segmentation of ROIs

(a) The brain extraction through de-skulling in CT vol-
ume; region growing arranged in 3D space of succes-
sive slices was used, where the initial set of seeds were
grown-up across successive slices to regular region of
the brain tissue identified in CT acquisition expanse.

(b) Selection of the only tissue regions that are suscepti-
ble to ischemia; clear brain sulci, prior ischemic scars,
and other structures useless in acute stroke detection
were discarded; designed method of mixed growing-
thresholding was applied with weighted average
filtering for noise reduction, detection of low density
seeds based on adaptive thresholding, growing low
density regions with adaptive membership function,
adjusting of indicated areas to make them regular,
smooth, and large enough in size.

(c) smooth complement of diagnostic ROIs with mean
values of neighbor areas providing the continuity of den-
sity function and absence of any lower density fields.

2. Hypodensity extraction

(a) Non-perfect orthogonal wavelet transform with
tspline2 kernel defined by low pass analysis filter
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(h =[1/4,2/4,1/4]) for coarse de-noising, gray-level
scale quantization and contrast enhancement across
subbands on scales.

(b) Curvelet transform according to FDCT implementa-
tion (15) with adaptive soft thresholding (4 — threshold
value) of complex curvelet coefficients c:

c
€= m(l c|=A)for|c> A with zeroing other
coefficients; de-noising and extraction of smooth

edges of hypodense areas was the result.

(c) Reconstructed brain tissue mapping to source CT
scans and merging with background view of the
scans; the brain areas processed in multiscale domain
are reconstructed, adaptively converted to suitable
presentation scales, and respectively fitted to the
source image with skull, scalp, and surrounding tis-
sue in the best view window.

3. Hypodensity visualization

(a) Display arrangement with contrast enhancement by
adaptive histogram equalization of processed data in
brain tissue area

(b) Alternative 3D view of extracted hypodensity areas,
stroke segmented regions, or structures to assess brain
and stroke morphology more clearly

Proposed DHE was suggested to be applied in extended
Stroke Monitor application (Fig. ).

DHE was designed to improve and complete prior Stroke
Monitor implementation based on perception improvement.
Preliminary subjective tests were performed to verify the
efficiency of DHE implementation as a supplement to prior
Stroke Monitor verification. A test set consisted of six CT
exams of brains selected as extremely difficult to diagnose
based on false decision of specialists and unusual role of
Stroke Monitor in the experiments. For three clinically con-
firmed cases of acute stroke appearance, the time between
the onset of symptoms and the early CT examination ranged
from 1 to 5 h. The other three were clinically confirmed nor-
mal cases. The valid presence and indicated position of
asymmetric hypodense signs compared to the reference
diagnosis (the location and size of the infarct) based on fol-
low-up CT and MR scans were the performance criteria.

Results

First, clear and unambiguous DHE indications for extremely
difficult cases were tested. According to simple test rules,
monitor usefulness was verified even by non-specialists,
biomedical engineers, or medicine students with the aim of
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Fig. 1 Diagram of Stroke Monitor
method as an extension of DHE — general
view
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preliminary assessment of DHE with simplified form of
visualization. Nine observers participated in the experi-
ments: one radiologist, four instructed medical students,
and four instructed students of engineering.

The observer conviction of hypodensity extraction and
any false suggestions dominantly affected responses in isch-
emic stroke detection procedure. Distinct extraction of
hypodensity for diagnostically difficult cases significantly
improved prior Stroke Monitor assistance (see Table 1). We
found it useful in comparison to conventional diagnosis. The
examples of DHE output are presented in Fig. 2.

Discussion

According to observers’ opinions and collected results,
DHE method improved the diagnosis for difficult cases
because of clear, distinct visibility of hypodense signs or
generally ischemic susceptibility for test examinations.
Extraction of subtle tissue density changes and hard indica-
tions of lower density areas made image content assessment
and interpretation more accurate and simple. Even engi-
neers achieved satisfactory results based on elementary
knowledge and assessment of asymmetric distribution of
dark areas in visualized image form. Generally, significantly
increased stroke detection efficiency wasnoticed. Combining
the effects of standard CT scans review with DHE assis-
tance provided a better diagnosis of stroke. Hypodensity-
oriented distinct extraction with clearly indicated ischemic
areas may facilitate the interpretation of CT scans in hyper-
acute infarction.

Optimized multiscale extraction of ischemic changes
with complementary forms of semantic content visualization
extends capabilities of computer assistance tools in a way
that is useful for inexperienced observers, especially for
difficult cases of ischemia. Consequently, the proposed

Table 1 A comparison of diagnosis efficiency for conventional-
windowed image review, prior Stroke Monitor with perception
improvement and DHE; mean results for nine observers were presented;

. TP + TN
used measures are defined as follows: precision = S
TP +TN + FP + FN
sensitivity = , specificity = ,PVP= ——
stroke normal TP + FP
Method Precision Sensitivity ~Specificity PVP
Conventional 0.63 0.58 0.67 0.47
Prior Stroke 0.42 0.5 0.33 0.38
Monitor (13)
DHE (nine observers)  0.80 0.89 0.70 0.74
DHE (radiologist) 0.833 0.666 1 1
DHE (four medical 0.708 0.833 0.583 0.625
students)
DHE (four engineering  0.85 1 0.75 0.8
students)

computer aided diagnosis tool with expressive display of
distinct hypodensity symptoms can considerably improve
stroke diagnosis by increased objectivity, unambiguous
content extraction, and clear observer conviction, resulting
in higher decision sensitivity and specificity. Increased
usefulness of hyperacute CT examinations because of
improved diagnostic value of visualized image content was
noticed for test cases.

Further optimization of computer-based understanding of
stroke presence in CT scans includes integrated assistance of
DHE with tissue density perception enhancement, automatic
detection and characteristic of ischemia, 3D visualization
of underlined brain structures, and reliable estimation of
segmented structures parameters. Moreover, multimodal
analysis is required for time series of CT examinations and
MR or perfusion complement.

Conflict of interest statement We declare that we have no conflict of
interest.
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Fig.2 The Stroke Monitor outputs (middle column) compared to early ~ presented with bright expression of two ischemic regions confirmed by
CT examinations (left) and follow-up confirmation (right) — small  Stroke Monitor, but only one of them was visible in follow-up CT (what
hypodensities were indicated; for the last case, early MR image was  suggests that this region was changed irreversibly)
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Pattern Recognition Methods in 'H MRS Monitoring In Vivo of Normal
Appearing Cerebellar Tissue After Treatment of Posterior

Fossa Tumors

tukasz Boguszewicz, Stawomir Blamek, and Maria Sokot

Abstract The objective of this study was to investigate the
metabolic responses of normal appearing cerebellar tissue
after posterior fossa tumor treatment, and to identify char-
acteristics of the particular treatment method. Moreover,
this work examined the metabolic alterations of normal
appearing tissue induced by a particular tumor state includ-
ing resection, stagnation, progression, and recurrence. The
studied group consisted of 29 patients treated for posterior
fossa tumors. All of them were irradiated with a total dose
of 54 Gy at 1.8 Gy/fraction (median values). In addition,
13 underwent chemotherapy, 25 underwent total tumor
resection, 18 were tumor-free in control examinations,
5 had a stable disease, and tumor progression or recur-
rence was observed in 2 and 4 cases, respectively. The
69 spectra, acquired using a MRI/MRS 2T system, were
analyzed using Partial Least Squares Discriminant Analysis
(PLS-DA) with orthogonal signal correction (OSC) spectral
filtering. A significantly elevated spectral region (0.97-1.55
ppm) was observed in patients after total resection in com-
parison to non-operated subjects. Patients treated with che-
motherapy showed an elevated band between 1.15-1.75 and
2.7-3.0 ppm and had decreases in the remaining parts of the
spectra. Increases in lactate and decreases in the remaining
metabolites were characteristic for the tumor progression/
recurrence group. Pattern recognition methods coupled with
MRS revealed significant treatment-dependent alterations
in normal appearing cerebellar tissue, as well as metabolic
changes induced by tumor progression/recurrence.
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Introduction

Central nervous system (CNS) tumors are some of the most
frequent childhood malignancies and are characterized by a
relatively high occurrence in the posterior fossa (19).
Although treatment methods are consistently improving
and have increased the long-term survival of those suffering
from this condition, the treatment induced side effects are
major limitations of many therapies. Besides the associated
neurological and cognitive impairments (5), there is a higher
risk of impairment in children who have undergone exclu-
sive surgical treatment (1). Furthermore, there is often
radiotherapy induced brain tissue necrosis (2) with addi-
tional necrosis developing after subsequent or adjuvant che-
motherapy (12), as well as direct chemotherapy induced
brain injury (3).

In vivo proton magnetic resonance spectroscopy (MRS)
is a powerful and noninvasive tool for investigating meta-
bolic changes in the intact brain (6). The MRS studies have
revealed severe metabolic disturbances in low-dose irradi-
ated adult brain tissue in comparison to the pre-treatment
state (16). Similar observations have been made in the fron-
tal lobe of children treated for posterior fossa tumors, where
these disturbances were significantly altered after receiving
chemotherapy (15). Previous work has demonstrated the
usefulness of the pattern recognition (PR) analysis of in vivo
'H spectra for the detection and characterization of brain
tumors (4,11). In this study, we combined MRS and PR
methods in order to investigate the response of normal
appearing cerebellar tissue after posterior fossa tumor treat-
ment, and to provide information on metabolic alterations
characteristic for a particular treatment method. Furthermore,
we examined the metabolic alterations of normal appearing
tissue induced by the following tumor states: total resection,
stagnation, progression, and recurrence.
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Materials and Methods

Patients

The studied group consisted of 27 patients (with a median
age of 16 years) treated for posterior fossa tumors. All
patients were irradiated with a total dose of 54 or 55.5 Gy
with a day fraction 1.8 or 1.5 Gy. In addition, 13 (48.2%)
patients were treated with chemotherapy and 23 (85.2%) of
them underwent total tumor resection. According to control
examinations, the patients were divided into one of the four
following groups: tumor free (16 cases — 59.3%), stagnation
(5 cases — 18.5%), recurrence (4 cases — 14.8%), and pro-
gression (2 cases — 7.4%). Control examinations were per-
formed from one to several times.

"H NMR In Vivo

The 69 MRI localized in vivo 'H MRS spectra were obtained
using a 2T whole-body MRI/MRS system (Elscint Prestige,
Haifa, Israel). The PRESS sequence was applied with the
following parameters: TR = 1500 ms, TE = 35 ms, and
50 Acq. The volumes of interest of 1.5 x 1.5 x 1.5 cm?® were
located contralaterally to the tumor or tumor site. The record-
ing of the spectra was preceded by the automated global and
local shimming procedures. Water suppression was achieved
using CHESS techniques and no zero filling was applied.
After a Fourier transformation and manual zero (and first, if
necessary) order phase correction, the spectra were normal-
ized in PeakFit 4.0 (by SPSS Inc., Chicago, USA). The spec-
tra were normalized to the Cr peak to remove any relative
shifts and analyzed in the range from 0.2 to 4.0 ppm.

Multivariate Analyses

The analyzed data gathered in the X matrix were composed
of k spectra as rows and with columns of n = 929 spectral
points representing chemical shifts. PLS-DA modelled the
relations between the X and Y matrices, where Y was the (k
X j) matrix containing information pertaining to group mem-
bership, and the number of columns (j) was equal to the
number of groups. The relationship was expressed by means
of score (latent) vectors. Geometrically, the X and Y matri-
ces were understood as k points in two spaces with n and j
axes. The PLS-DA modeling corresponded with hyper planes
fit to both the X and Y data points and projected the matrices
down on the hyper planes in such way so as to maximize the
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covariance between the observation (spectra) positions on
these hyper planes. The coordinates of this projection were
the X- and Y-scores (18). Before the analyses, the NMR
spectra were pre-processed using a spectral filter orthogonal
signal correction (OSC) to improve the separation among
groups. The OSC removed from the X variables the extrane-
ous variance that was unrelated to Y, and the correction was
made without removing information from X (17). The mul-
tivariate analyses were performed in SIMCA-P 11 Demo
(Umetrics AB, Umed, Sweden).

Results

In order to examine the data according to the influence of
tumor resection on cerebellar tissue, the X data matrix was
subjected to PLS-DA with OSC preprocessing. Figure la
demonstrates a distinct separation between the spectra of
non-operated patients and patients who underwent tumor
resection. An interpretation of the scores plot was possible
by comparing it with the X-weights plot (Fig. 1b), which
displays each original variable (i.e. the chemical shift) as a
single point. The further away a variable was from the plot
origin, the greater was its influence on the distribution of the
spectra along a given component of the scores plot.
Figure la, b demonstrates a greatly elevated signal for
mobile lipids and lactate (0.95-1.55 ppm) in post-operated
patients.

Examining the influence of chemotherapy treatment
resulted in a slightly worse clustering (Fig. 2a) than in the
previous case, although both groups were distinguishable.
X-weights plot (Fig. 2b) revealed a strongly elevated spec-
tral range between 1.15 and 1.75 ppm, with maximum differ-
ences in the methylene lipids and a lactate peak at 1.3—1.33
ppm, as well as decreases in the remaining metabolites of the
chemotherapy treated group. In patients without chemother-
apy, strong increase of mobile lipids (0.9 ppm) and myo-
inositol (3.65 ppm) were visible.

Metabolic alterations induced by the tumor state were
clearly visible in Fig. 3a, b. Distinct clustering among the
tumor-free state, stagnation, and progression/recurrence
were observed (Fig. 3a). Interestingly, the two latter groups
remained non-separated, which suggests that differences
between them are much less important against the back-
ground of the other groups. Figure 3b shows markedly
increased lactate signals in the progression/recurrence group
with slightly decreased choline (3.2 ppm), NAA (2.02 ppm),
and ml (3.65 ppm) signals, which were in direct opposition
to the stagnation group. In addition, the tumor-free group
was characterized by relatively higher mobile lipids levels
at 0.9 ppm.
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Fig. 1 PLS-DA scores plot (a) and corresponding X-weights plot
(b) derived from the investigation of surgical influences on normal
appearing tissue

Discussion

The combination of the in vivo 'H MRS and pattern recogni-
tion methods have been effectively applied to differentiate
between metabolic alterations induced by the specific treat-
ment method, as well as tumor recurrence/progression or
stagnation. The main advantage of this study was that the
extracted discrimination features were clearly presented in
graphical form and in terms of the original variables (the
chemical shifts). Moreover, analyses were performed on the
full spectra instead of metabolite proportions, thereby giving
insight into the alterations of metabolites that are often omitted,
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e.g. mobile lipids or lactate. The results obtained for the
operated/non-operated group were comparable with other
studies where increased Lip and Lac signals (in the ratio to
NAA) were detected in the “normal brain” in non-irradiated
patients who underwent tumor resection (7,13). The same
ratios were markedly higher after receiving radiotherapy and
were not dose-dependent (13). The authors suggested that
the appearance of Lip signals in a normal appearing brain
was caused by severe damage to the cell membranes. While
the Lac signal could accumulate as a result of anaerobic
glycolysis, hypoxia (13), or due to infiltration of tumor cells
into the adjacent regions (7). However, the metabolic profile
of patients treated with chemotherapy was less specific.



174
a <& tumor-free ¥ stagnation + progression
® recurrence
3
<
2t <
. o &
1t v. ° 0%
<
= oY o,yovngyo ®
= vw vO Y O+
-1 > 0+ P
(I Y
, v Y o o0
Vy +
-3

b /\\
0.08 } 0.9ppm
0.04 |
3.56ppm "
N Y
s 0 y
= ] 2.02ppm/ '—_\5
~0.04 } \ /
[ 3.2ppm 1.33ppm
-0.08 1.6ppm
-0.08 -0.04 0 0.04 0.08

w*c[1]

Fig. 3 PLS-DA scores plot (a) and corresponding X-weights plot
(b) derived from the investigation of tumor state on normal appearing
tissue

Moreover, publications examining the metabolic changes in
a normal appearing brain due to chemotherapy are sparse
and usually mobile lipids and lactate signals are excluded
from the analyses (3,15). Nevertheless, some studies have
focused on predicting resistance or responsiveness of non-
irradiated tumor cells to chemotherapy. These findings indi-
cate that the lipid (methylene) intensities were increased (1.3
ppm) and that the Cho resonance decreased as a treatment
specific reaction resulting from apoptotic cell death (8,9).
The strong difference in ml levels between the two groups
was unclear, yet the increase of ml (in ratio to Cr) was
observed in post-surgical irradiated patients who were not
treated with chemotherapy and this was hypothesized to be
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closely associated with local irradiation injury (16). Thus,
there was an assumption that chemotherapy may act inversely
to radiotherapy on ml levels. The second important aspect of
tumor treatment is the prediction of treatment side effects.
MRS has proved its usefulness as a reliable and reproducible
prognostic marker that is capable of revealing a strong nega-
tive correlation between Lac/NAA ratio in patients treated
for malignant gliomas and their survival rates (14). Another
study proposed an increased ratio of lipid methylene (CH,)
to methyl (CH,) signals as a possible recurrence marker (10).
In addition, elevated Cho levels reflecting an increased
membrane turnover as a result of inflammation and/or myelin
breakdown are usually observed in tumor tissue. In this
study, a slightly increased Cho signal was associated with
the influence of a stable tumor in “normal tissue”. Even
though analyses were performed on one group of spectra,
where several metabolic effects may overlap (e.g. influence
of resection was studied after irradiation and chemotherapy),
the usefulness of pattern recognition methods as an auto-
matic tool for analyzing '"H MRS spectra cannot be underes-
timated. In combination with OSC spectral filtering PLS-DA,
these techniques were able to reveal subtle metabolic differ-
ences in normal appearing cerebellar tissue and assign them
to a specific factor responsible for the observed alterations.
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Metabolic Changes in Rat Brain Following Intracerebroventricular
Injections of Streptozotocin: A Model of Sporadic Alzheimer’s Disease

M. Labak, T. Foniok, D. Kirk, D. Rushforth, B. Tomanek, A. Jasinski, and P. Grieb

Abstract A decrease in cerebral glucose metabolic uptake
is an early and characteristic sign of Alzheimer’s disease
(AD). Streptozotocin (STZ) is a bacterial toxin which damages
insulin-producing cells and insulin receptors. Intracerebro
ventricular (icv) application of STZ in rats has been found to
chronically decrease cerebral glucose uptake and produce
other effects that bear a resemblance to several other molecular
and pathological features of AD. In the present experiments
in vivo '"H MR Spectroscopy with short echo time (3 ms) was
used to non-invasively obtain a neurochemical profile of rat
brains, 3 weeks and 2 months after double icv injections of
STZ or vehicle. Seventeen metabolites were quantified from
27 pL tissue volume which included hippocampus and a part
of cerebral cortex, using the LCModel and unsuppressed
water signal as an internal reference. Three weeks after icv
STZ several metabolites were significantly decreased, the
most prominent changes noted in glycerophosphocholine
and phosphocholine (-38 + 5%), glutathione (=37 + 4%),
taurine (=30 £ 19%), glutamate (=26 + 14%), phosphocre-
atine (—23 + 15%) and N-acetylaspartate (—16 + 6%). On the
contrary, the concentration of N-acetylaspartylglutamate
was found significantly increased (+38 + 18%). After 2
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months some of these changes were even more pronounced.
We conclude that in vivo '"H MRS of rat brain following icv
STZ injections provides a new input into a better understand-
ing of the critical dependency of neural function and structure
on brain glucose consumption, and may be of relevance in
further studies of AD pathomechanism.

Keywords Sporadic Alzheimer’s disease e streptozotocin
* H-MR spectroscopy * LCModel ¢ neurochemical profile
e brain metabolites ® MR spectra quantification

Introduction

Despite intense research the pathogenesis of Alzheimer
disease (AD) remains a matter of debate (1). Currently the
most popular “amyloid cascade” hypothesis assumes that
the primary pathogenetic event in AD comprises formation
of neurotoxic AP deposits. Another leading hypothesis
assumes that the central pathogenetic event in AD is hyper-
phosphorylation of tau protein which leads to neurofibrillary
triangles formation. Both aforementioned hypotheses have
in common the implicit assumption that decreases in brain
glucose and oxygen consumption are secondary to neurotox-
icities caused by primary pathogenetic events.

Several observations indicate that decrease in brain
regional glucose consumption occurs very early in AD (5),
and is not an artifact due to increase in extracellular fluid
space induced by brain atrophy but a true metabolic reduc-
tion per gram of tissue (7). Moreover, the decrease in glu-
cose consumption is more pronounced than the concomitant
decrease in oxygen consumption, reflecting an apparent
metabolic shift from glycolytic to oxidative metabolism
(2). In the face of such observations an alternative hypoth-
esis according to which early in the pathogenesis of demen-
tia of the Alzheimer’s type the control of brain glucose
metabolism is perturbed due to insulin signal transduction
failure (4,18) is likely to gain wider acceptance. According
to this hypothesis senile plaques and neurofibrillary tangles
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may be the effect rather than the cause of failure in brain
glucose metabolism.

A rat model of chronic brain glucose metabolism fail-
ure has been developed where streptozotocin (STZ), a bac-
terial toxin able to selectively damage insulin-producing
cells as well as insulin receptors, is injected intracere-
broventricularly (icv), i.e., to the lateral brain ventricles.
In a rat icv STZ dose of 1-3 mg/kg body weight is devoid
of peripheral effects but produces a range of central effects
including, inter alia, a decrease in brain glucose utiliza-
tion, increased release of lactate from the brain, decrease
of the level of ATP and phosphocreatine in brain tissues,
and disturbances in learning and memory abilities (3,8.,9).
These effects resemble abnormalities seen in humans suf-
fering from AD.

Recent developments in high-field in vivo MR Spectro-
scopy have resulted in the ability to simultaneous quantifi-
cation of several brain metabolites noninvasively, which is
termed neurochemical profiling (14). The purpose of our
present study was to quantify the neurochemical profile in
the brain area of icv STZ-treated rats as compared to the
control (solvent-injected) animals.

Materials and Methods

Animals

Experiments were performed according to procedures
approved by the joint NRC IBD (West) and University of
Calgary Animal Care Committee. Twelve adult male
Wistar rats, 290-330 g were used throughout the studies.
The animals were housed in individual cages in an air-
conditioned room with free access to standard pellet diet
and water ad libitum. Two groups of rats were utilized:
experimental (STZ-injected) group (n = 6) and control
group injected with vehicle (n = 6). MR measurements
were performed at 3 weeks and 2 months after the first
injection of either STZ or sodium citrate buffer. During
measurements body temperature was maintained at 37°C
by warm water circulation and verified by rectal tempera-
ture sensor.

For intracerebroventricular injections and in vivo MRI/
MRS measurements, the animals were anesthetized with a
gas mixture of O,:N, = 3:7 with 1.5% isoflurane. The head
was placed in the stereotactic apparatus and a midline sagit-
tal incision was made in the scalp. The following coordinates
were used for icv injection: 0.8 mm posterior to bregma, 1.5
mm lateral to sagittal suture, 3.6 mm beneath the surface of
brain. To minimize decomposition of STZ (Sigma, Canada),
it was dissolved in the vehicle consisting of 50 mM sodium
citrate buffer (pH 4.4) just prior to injection. The experimen-
tal group was injected bilaterally with icv STZ (3 mg/kg
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body weight) on day 1 and 3. Each rat was given 5 pL into
each lateral ventricle (0.5 mg/side) with the use of a Hamilton
micro-syringe. Rats in the control group were given icv
injection of the same volume of citrate buffer on the first and
third day.

'H MR Spectroscopy

"H MR spectra were measured with a Bruker Avance II spec-
trometer with a 9.4T/21 cm magnet (Magnex, UK). The actively
shielded, 116 mm inside diameter gradient coil with a minimum
rise time of 100 us and the maximum field gradient strength of
400 mT/m, and a transmit/receive elliptical (25 x 20 mm) RF
surface coil resonating at 400 MHz were used. A stimulated
echo acquisition mode (STEAM) sequence with a very short
echo time (T, = 3 ms, mixing time T,, = 5 ms) combined with
outer volume saturation (OVS) was applied for localization.
The repetition time (T, ) was 5 s, which minimized effects due
to potential T, variation. The water signal was suppressed with
variable power RF pulses and optimized relaxation delays
(VAPOR). First- and second-order shimming was performed
using a fully adiabatic version of FASTMAP (fast, automatic
shimming technique by mapping along projections). 'H MR
spectra were acquired from the 3 x 3x3 mm?® (27uL) VOIs cen-
tered in a brain region including the hippocampus and a part of
the cerebral cortex. The position of VOI was based on pilot
Rapid Acquisition with Relaxation Enhancement (RARE)
images (T, = 60 ms, matrix 128 x 128, number of slices = 10,
slice thickness = 1 mm, number of transients =7, T, =5 s).

MRS Quantification and Statistics

Metabolite concentrations were quantified by the LCModel
(Linear Combination of Model spectra of metabolite solu-
tions) (15) using the unsuppressed water signal as internal
reference and taking water content of 0.83 mL/g. Nineteen
metabolites were quantified from 27 p volume, including
alanine (Ala), ascorbate (Asc), aspartate (Asp), creatine (Cr),
y-aminobutyric acid (GABA), glucose (Glc), glutamate
(Glu), glutamine (Gln), glutathione (GSH), glycerophospho-
rylcholine (GPC), glycine (Gly), phosphorylcholine (PCho),
myo-inositol (Ins), lactate (Lac), N-acetylaspartate (NAA),
N-acetylaspartylglutamate (NAAG), phosphocreatine (PCr),
phosphorylehtanolamine (PE) and taurine (Tau). In addition,
the simulated spectrum of fast relaxing macromolecules
(MM) was included in the basis set. Metabolite concentra-
tions were expressed in micromoles per gram wet weight.
Due to the short T, of 3 ms and long T, of 5's, T, and T,
relaxation effects on MR signal intensity did not appreciably
influence resonance intensity and were neglected. Metabolite
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concentrations in control animals were compared to concen-
trations in icv STZ rats at two time points, 3 weeks and 2
months after icv injections.

The results are expressed in mM as mean * standard
deviation (SD). The data for each metabolite were tested for
the normality of the distributions (Shapiro-Wilk test, p >
0.05) and homogeneity of variances (Levene test, p > 0.05).
For each metabolite the differences between groups were
analyzed by two-tailed 7 tests for independent samples, and p <
0.05 were considered significant.

Gross Brain Weights

At the conclusion of the second MRI/MRS measurement
performed 2 months after the first icv STZ injection the
anesthetised rats were transcardially perfused with 5%
paraformaldehyde solution. Brains were removed from the
skull, weighted and stored for further histopathological
examinations (not included in the present report).

Results

The mean values of metabolite concentrations measured 3
weeks and 2 months after intracerebroventricular injections
are presented in Figs. 1 and 2. At 3 weeks after injection of
STZ, statistically significant differences (p < 0.05, two-
tailed z-test) between icv STZ and control rats were reduc-
tions in the methylene groups of proteins and lipids (-9 +
4%), PCr (=23 = 15%), Glu (=26 = 14%), GSH (-37 =
4%), NAA (=16 £ 6%), Tau (=30 = 19%), and the sum of
[Cr + PCr] (=20 + 11%), [NAA + NAAG] (=13 = 7%), [Glu
+ GIn] (=22 £ 10%), [GPC + PC] (=38 = 5%). Increase in
NAAG (p < 0.05) by (+38 + 18%) and lactate (+20 £+ 16%)
(statistically not significant, p > 0.05) in the icv STZ group
were also found. Other metabolites, including PE, Glc,
Gln, Asp and Asc were in the range of the values measured
from the control rat brain.

After 2 months some of these changes were more pro-
nounced in spectra from icv STZ rats compared with controls.
Concentrations of methylene groups in macromolecules,
PCr, NAA and total [NAA + NAAG] continued to decrease
-17% + 1%, -29% =+ 18%, -22% + 14%, —18% + 8%
respectively). Glu (=27 = 15%), total [Glu + GIn] (-22 +
9%) and total [Cr + PCr] (—15 + 7%) decreased slightly, but
significantly (p < 0.05). However, decrease found in total
choline compounds [GPC] + [PC] (=19 = 9%) and Tau (-16
+ 8%) were not significant (p > 0.05). Further increase was
observed in NAAG (+115 + 12%), whereas that of lactate
(+29 £ 12%) was not statistically significant (p > 0.05).
A decrease in myo-inositol in icv STZ group was also not
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significant. However, when calculated relative to total cre-
atine, increases in myo-inositol concentrations [Ins]/[Cr +
PCr] by +10 £ 3% after 3 weeks and by 11 + 5% after 2
months, were significant. Ala and Gly, although included in
the LCModel database, were eliminated from further analy-
sis, because were quantified with Cramer-Rao lower bounds
(CRLB) of 50%.

Discussion

To the best of our knowledge this is the first report on in vivo
'"H MRS in this experimental paradigm. Our proton reso-
nance data collected with a very short echo time provided
the non-invasive measurement of absolute metabolite con-
centrations from a defined brain region.

Two months after intracerebroventricular STZ injections
a reduction of gross brain wet weight by 20% has been
observed, probably reflecting brain atrophy and substituting
cells with extracellular fluid. Concomitantly the decrease of
total creatine, on average by 20% and 15%, 3 weeks and
2 months later icv STZ, respectively, was found. Several
other metabolites showed statistically significant reductions
after icv injections of STZ, although the degree of reduction
cannot be accounted for by the aforementioned atrophy of
brain tissues since it was not uniform and in some cases
apparently larger than the reduction in Cr + PCr.

Three weeks after icv STZ the most prominent decrease
was observed in choline compounds. Of note is that,
according to a recent publication (19), the Cho signal
intensity observed by '"H MRS in rat brain regions may be an
indicator of regional acetylcholine levels. In the context of
the well known fact that cholinergic insufficiency is a neuro-
chemical hallmark of AD, our present observation lends
further support to considering the icv STZ rat paradigm as a
simple animal model recapitulating multiple characteristic
features of AD. However, it is also worth noting that 2
months after icv STZ the decrease of cholines was less pro-
nounced and statistically not significant.

The decrease similar in magnitude to that of choline
compounds was noted in the reduced glutathione, an important
intracellular antioxidant that protects against a variety of
different oxidant species. This concurs with observations
of other authors concerning the presence of brain tissue
oxidative stress following icv STZ (17). However, although
brain oxidative stress is suspected to be an important factor
in human AD (16), brain GSH levels in AD patients appeared
to be unaffected (13). A bit smaller in magnitude, but also
statistically significant decreases of taurine and glutamate
were also observed in the present study; they may also
resemble the situation seen in brain cortex areas of AD
patients by some authors (6,10), although the others (13) did
not confirm such findings.
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Fig. 1 Concentration of brain metabolites 3
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Metabolic Changes in Rat Brain Following Intracerebroventricular Injections of Streptozotocin

In contrast to the significant decreases of the aforemen-
tioned metabolites we have observed a marked and signifi-
cant increase in the N-acetylaspartylglutamate (NAAG),
contrasting with the slight decrease in NAA. In this respect
the effects of icv STZ differ from the situation in brains of
patients with AD, where a decrease in both NAA and NAAG
has been reported by invasive or post mortem methods (11).

In the normal brain glucose is the basic energy fuel,
regional metabolism of glucose seems to be coupled to
regional intensity of glutamatergic neurotransmission (12),
and the coupling mechanism may involve release of NAAG
from neurons to the brain exracellular space and its subse-
quent hydrolysis. When brain cannot utilize glucose effi-
ciently, the aforementioned mechanism may become
obsolete. Further research is needed to describe an alterna-
tive mechanism (if it does exist) of coupling blood flow and
oxygen delivery to the level of glutamatergic neurotransmis-
sion in glucodeprived brain; the icv STZ model may be an
interesting approach to study this issue.

Our studies emphasize the potential and utility of high
field in vivo '"H MR Spectroscopy to detect neurochemical
changes in the brain region in a small animal model. The
non-invasive nature of MRS makes such studies particularly
attractive. This technique may allow monitoring long-term
consequences of brain glucodeprivation, and provide assis-
tance to the development of an alternative fuel able to maintain
basic metabolism in the glucodeprived brain.

Conflict of interest statement We declare that we have no conflict of
interest.

Acknowledgements The study was supported in part by the Polish
State Committee for Scientific Research (KBN)project no. N518 040
32/3101 and by the MSHE Scientific Network 28/E-32/SN-0053/2007,
and by Foundation for the Development of Diagnostics and Therapy,
Warsaw, Poland.

References

1. Armstrong RA (2006) Plaques and tangles and the pathogenesis of
Alzheimer’s disease. Folia Neuropathol 44:1-11

2. Fukuyama H, Ogawa M, Yamauchi H, Yamaguchi S, Kimura J,
Yonekura Y, Konishi J (1994) Altered cerebral energy metabolism
in Alzheimer’s disease: a PET study. J Nucl Med 35:1-6

3. Griinblatt E, Salkovic-Petrisic M, Osmanovic J, Riederer P, Hoyer
S (2007) Brain insulin system dysfunction in streptozotocin intrac-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

181

erebroventricularly treated rats generates hyperphosphorylated tau
protein. J Neurochem 101:757-770

. Hoyer S (1998) Is sporadic Alzheimer disease the brain type of

non-insulin dependent diabetes mellitus? A challenging hypothesis.
J Neural Transm 105:415-422

. Hunt A, Schonknecht P, Henze M, Seidl U, Haberkorn U, Schroder

J (2007) Reduced cerebral glucose metabolism in patients at risk
for Alzheimer’s disease. Psychiatry Res 155:147-154

. Hyman BT, Van Hoesen GW, Damasio AR (1987) Alzheimer’s dis-

ease: glutamate depletion in the hippocampal perforant pathway
zone. Ann Neurol 22:37-40

. Ibanez V, Pietrini P, Alexander GE, Furey ML, Teichberg D,

Rajapakse JC, Rapoport SI, Schapiro MB, Horwitz B (1998)
Regional glucose metabolic abnormalities are not the result of
atrophy in Alzheimer’s disease. Neurology 50:1585-1593

. Lannert H, Hoyer S (1998) Intracerebroventricular administration

of streptozotocin causes long-term diminutions in learning and
memory abilities and in cerebral energy metabolism in adult rats.
Behav Neurosci 112:1199-1208

. Lester-Coll N, Rivera EJ, Soscia SJ, Doiron K, Wands JR, de la

Monte SM (2006) Intracerebral streptozotocin model of type 3 dia-
betes: relevance to sporadic Alzheimer’s disease. J Alzheimers Dis
9:13-33

Lowe SL, Bowen DM, Francis PT, Neary D (1990) Ante mortem
cerebral amino acid concentrations indicate selective degeneration
of glutamate-enriched neurons in Alzheimer’s disease. Neuroscience
38:571-577

Passani LA, Vonsattel JP, Coyle JT (1997) Distribution of
N-acetylaspartylglutamate immunoreactivity in human brain and
its alteration in neurodegenerative disease. Brain Res 772:9-22
Patel AB, de Graaf RA, Mason GF, Kanamatsu T, Rothman DL,
Shulman RG, Behar KL (2004) Glutamatergic neurotransmission
and neuronal glucose oxidation are coupled during intense neuronal
activation. J Cereb Blood Flow Metab 24:972-985

Perry TL, Yong VW, Bergeron C, Hansen S, Jones K (1987) Amino
acids, glutathione, and glutathione transferase activity in the brains
of patients with Alzheimer’s disease. Ann Neurol 21:331-336
Pfeuffer J, Tkac I, Provencher SW, Gruetter R (1999) Toward an
in vivo neurochemical profile: quantification of 18 metabolites in short-
echotime 'H NMR spectra of the rat brain. ] Magn Res 141:104-120
Provencher SW (1993) Estimation of metabolite concentrations from
localized in vivo proton NMR spectra. Magn Reson Med 30:672-679
Reddy PH, Beal MF (2008) Amyloid beta, mitochondrial dysfunction
and synaptic damage: implications for cognitive decline in aging
and Alzheimer’s disease. Trends Mol Med 14:45-53

Sharma M, Gupta YK (2003) Effect of alpha lipoic acid on intrac-
erebroventricular streptozotocin model of cognitive impairment in
rats. Eur Neuropsychopharmacol 13:241-247

Steen E, Terry BM, Rivera EJ, Cannon JL, Neely TR, Tavares R,
Xu XJ, Wands JR, de la Monte SM (2005) Impaired insulin and
insulin-like growth factor expression and signaling mechanisms in
Alzheimer’s disease — is this type 3 diabetes? J Alzheimers Dis
7:63-80

Wang XC, Du XX, Tian Q, Wang JZ (2008) Correlation between
choline signal intensity and acetylcholine level in different brain
regions of rat. Neurochem Res 33:814-819



MR Spectroscopic Evaluation of Brain Tissue Damage
After Treatment for Pediatric Brain Tumors

Stawomir Blamek, Dawid Larysz, Kornelia Ficek, Maria Sokot, Leszek Miszczyk, and Rafat Tarnawski

Abstract

Purpose The aim of this study was to evaluate the meta-
bolic profile of uninvolved brain tissue after treatment for
pediatric brain tumors.

Material A group of 24 patients aged 4-18 years was ana-
lyzed after combined treatment for brain tumors. In this
group, there were nine medulloblastomas, seven low-grade
gliomas, three high-grade gliomas, two ependymomas and
three children with conservatively treated diffuse brainstem
gliomas.

Methods Short echo-time (TE=30 ms) point-resolved spectra
were acquired using a 2 T clinical scanner (Elscint Prestige).
The ratios of signal intensities for N-acetylaspartate (NAA),
choline (Cho), myo-inositol (ml), lactate (Lac), and lipids
(Lip) were calculated using the creatine (Cr) signal as an
internal reference. The spectra were acquired both from the
tumor bed and from contralateral uninvolved brain tissue;
only control spectra were analyzed. The first examination
was made between the third and sixth month after therapy
(24 spectra), the second examination occurred 8—12 months
after treatment (15 spectra available), and the third was per-
formed approximately 18 months after completion of ther-
apy (eight spectra available). The results were compared
using the #-test for dependent samples.

Results At all time points, the metabolite ratios showed
alterations indicating brain tissue damage. The most impor-
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tant were the decrease of NAA/Cr and increase of Lac/Cr and
Lip/Cr ratios. The mean NAA/Cr values were 0.91, 0.91, and
0.86, respectively, for the three examinations, while the Lac/
Cr and Lip/Cr values were 1.66, 2.11, 1.19 and 12.24, 12.05,
5.69, respectively. Interestingly, in children with supratentorial
tumors, a significant increase in NAA/Cr value was observed
(from 0.82 to 1.11 in the first and second examinations,
respectively; p = 0.0487), which may be indicative of neu-
ronal function recovery.

Conclusions MRS examinations of uninvolved brain tissue
indicate long-lasting metabolic disturbances. However, the
NAA/Cr ratio increase may be a sign of at least partial recovery
of metabolic function of the brain.

Keywords Magnetic resonance spectroscopy © children
e brain tumors e radiotherapy e radiation damage

Background and Purpose

Radiation-induced alterations of brain function and metab-
olism are important sequelae of radiotherapy for brain
tumors, especially in patients with good prognoses. The
importance of these phenomena is even more pronounced
in children, as a significant number of patients treated for
brain tumors will be long-term survivors and thus, any
treatment-induced impairment can significantly influence
their quality of life (1, 3).

Most publications concerning proton magnetic resonance
spectroscopy (MRS) in pediatric brain tumors concentrate
on examination of tumor tissue and the value of MRS exami-
nation as a prognostic factor (7, 17). The usefulness of MRS
in distinguishing tumor recurrence from radiation necrosis is
also the subject of numerous reports and reviews (6, 11, 13).
However, evaluation of treatment-induced early metabolic
alterations and the duration of changes by repeated spectro-
scopic examinations has been less intensively investigated.
This is especially significant when it comes to normal-
appearing brain areas, which are not involved primarily by
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neoplastic tissue but are exposed to ionizing radiation and/or
chemotherapeutic agents (12, 16).

The aim of our study was to evaluate the metabolic profile
of uninvolved brain tissue in children after treatment for
brain tumors and further, to assess the stability of metabolic
alterations and their duration.

Material and Methods

A group of 24 patients was investigated. The patients ranged
in age from 4 to 18 years at the time of treatment, and
included 11 boys and 14 girls. Histopathologic findings are
summarized in Table 1.

Sixteen tumors were located in the posterior fossa, with the
remainder diagnosed as supratentorial tumors. Total or subto-
tal excision of the tumor was performed in 21 children. In
three cases, a diagnosis of diffuse brainstem glioma was based
solely on imaging results and no surgery was performed. All
but three patients received chemotherapy, and all of them were
irradiated. The radiation doses ranged between 45 and 59.4
Gy delivered with a dose of 1.8 Gy per daily fraction.

During control examinations, both magnetic resonance
imaging (MRI) and MRS were performed. Short echo-time
(TE = 30 ms) point-resolved spectra were acquired using a
2 T magnet (Elscint Prestige). The ratios of signal intensities
for N-acetylaspartate (NAA), choline (Cho), myo-inositol
(ml), lactate (Lac), and lipids (Lip) were calculated using the
creatine (Cr) signal as an internal reference. The spectra were
acquired both from the tumor bed and contralateral unin-
volved brain tissue. In the case where the tumor was located
centrally (for example, in a brainstem tumor), the control
voxel was placed laterally, e.g., in the cerebellar hemisphere,
always away from any visible abnormalities that could be
attributed to the presence of neoplastic tissue. Only the con-
trol spectra were taken for analysis. The first examination
was made between the third and sixth month after therapy (24
spectra), the second at 8—12 months after treatment (15 spec-
tra available), and the third was performed approximately 18
months after completion of therapy (eight spectra available).
The results were compared using the #-test for dependent
samples, and the significance level o was set to 0.05.
Interpretation of the results was based on comparisons with

Table 1 Histopathology of brain tumors in the examined group

Histopathologic type Number
Medulloblastoma 9
Low-grade glioma 7
High-grade glioma 3
Ependymoma 2
Diffuse brainstem glioma® 3

“Diagnosis based on imaging only; no attempt at biopsy or excision was
made.

S.Blamek et al.

normal values of metabolite ratios defined as mean = 2SD of
values obtained from healthy young adult volunteers.

Results

The metabolite ratios in subsequent examinations are
summarized in Table 2. At all time points the metabolite
ratios showed alterations indicating brain tissue damage.
The most important were the decrease of NAA/Cr and
increase of Lac/Cr and Lip/Cr ratios. The mean NAA/Cr
values were 0.91, 0.91, and 0.86 in the first, second, and
third examinations, respectively, while the Lac/Cr and Lip/
Cr values were 1.66, 2.11, 1.19 and 12.24, 12.05, 5.69,
respectively. No significant aberrations in Cho/Cr and mI/Cr
ratios were observed, and these were within the normal range
in all examinations, based on MRS examination of healthy
volunteers.

Interestingly, in children with supratentorial tumors, a
significant increase in the NAA/Cr ratio was observed (from
0.82 to 1.11 in the first and second examinations, respectively;
p = 0.0487). The results of MRS examinations in children
with supratentorial tumors are summarized in Table 3. There
was also a statistically significant difference in the Cho/Cr
ratios between the second and third examinations; however,
due to a limited number of data (three spectra for supratento-
rial tumors available in the third examination), these data are
difficult to interpret.

Analysis of metabolite ratios in children with posterior
fossa tumors did not show any statistically significant difference
between subsequent examinations, in spite of an evident
decrease of Lip/Crratio in the third examination. The detailed
results are shown in Table 4.

Discussion

In all examinations the reduction of NAA/Cr is clearly visible,
as compared to the mean values obtained for healthy volun-
teers (1.53, SD = 0.23). This observation is true both for
children with supratentorial and infratentorial tumors. In the
group with supratentorial tumors, however, a slight increase
in the NAA/Cr ratio is visible in consecutive examinations.
This difference reached statistical significance between the
first and second examinations. NAA is synthesized in neu-
ronal mitochondria and is believed to be a marker of neuronal
function or viability (8). A decrease in NAA signal intensity
or NAA/Cr signal proportion after radiotherapy was also
observed in other studies, and is commonly associated with neu-
ronal loss or dysfunction (10, 15, 18). A significant increase
of NAA/Cr could be therefore interpreted as a sign of neu-
ronal recovery after temporary damage caused by the applied
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Table 2 Results of MRS examinations of the entire group. The values shown in the table are means of metabolite ratios + standard deviation (SD)

Metabolite ratio

First examination

Second examination

Third examination

p-Value (first/second)

p-Value (second/third)

NAA/Cr 091 +0.27 091 +0.26 0.86 +0.35 0.8819 0.5531
Cho/Cr 1.01 +£0.19 1.08 +0.20 1.01 +0.40 0.4471 0.4932
ml/Cr 0.61 +0.37 0.55+0.35 0.75 +0.35 0.3170 0.4040
Lac/Cr 1.66 +1.84 2.11+1.97 1.19 +1.11 0.7667 0.9068
Lip/Cr 12.24 +13.70 12.05 +9.87 5.69 +4.29 0.7265 0.6256

Table 3 Results of MRS examinations in the group of patients with supratentorial tumors. The values shown in the table are means of metabolite

ratios + standard deviation (SD)

Metabolite ratio

First examination

Second examination

Third examination

p-Value (first/second)

p-Value (second/third)

NAA/Cr 0.90+0.16 1.11 +0.30 1.15+0.32 0.0487 0.6538
Cho/Cr 1.15+0.16 1.05 +0.20 1.26 £0.23 0.3989 0.0048
ml/Cr 0.70 £ 0.49 0.72 £ 0.46 091 +0.23 0.3705 0.2862
Lac/Cr 0.79 £ 0.88 1.16 = 1.33 0.14 +0.79 0.3576 0.7266
Lip/Cr 4.44 +4.03 6.55 +4.67 6.74 £ 5.40 0.1807 0.9523

Table4 Results of MRS examinations in the group of patients with posterior fossa tumors. The values shown in the table are means of metabolite
proportion values + standard deviation (SD)

Metabolite ratio

First examination

Second examination

Third examination

p-Value (first/second)

p-Value (second/third)

NAA/Cr 091 +0.32 0.81+0.19 0.69 = 0.26 0.3129 0.8163
Cho/Cr 0.94+0.17 1.10 £ 0.21 0.85+0.43 0.0942 0.2931
ml/Cr 0.57 £0.30 0.47 +0.28 0.66 = 0.39 0.5342 0.3298
Lac/Cr 2.10£2.05 258 +2.12 1.45+1.28 0.9349 0.3565
Lip/Cr 16.15+15.21 14.79 + 10.81 5.06 + 4.04 0.9986 0.4764

treatment. This observation is in concordance with the natural
course of radiation-induced brain toxicity; after a temporary
decrease of cognitive abilities, patients usually recover to, or
slightly below the baseline. In contrast, the NAA/Cr ratio
measured in the healthy tissue of children with posterior fossa
tumors seems to decrease over time, although the observed
differences did not reach statistical significance.

Cho/Cr values seem to be stable over time and are close
to normal values (0.98, SD = 0.20) except for an increase in
the third examination values in the group with supratentorial
tumors. This value is close to that obtained in the first exami-
nation (p = 0.1298). Moreover, due to a limited number of
observations in the third examination (three spectra,) these
data are ambiguous and difficult to interpret.

In all cases the mI/Cr values oscillate near normal values
(0.70, SD = 0.18), with no significant changes detected over
time. Because myo-inositol is believed to be a marker of
glial cell density (2), no significant glial tissue proliferation
or depletion could be anticipated, which is in good agree-
ment with MRI not showing any abnormalities in the exam-
ined areas.

A lactate signal should not be observed in healthy brain
tissue. It is, however, apparent in all analyzed examinations,
with the tendency to be higher in the posterior fossa. Elevation
of the Lac/Cr ratio could be attributed to impaired glucose
metabolism or lactate washout (14). The latter seems to be

even more probable because of vascular damage caused by
ionizing radiation, which can influence the ability of effec-
tive lactate washout. It is worth noting that control areas in
the posterior fossa received the full dose of radiotherapy,
whereas supratentorial control areas were not exposed to the
full prescribed dose of ionizing radiation. This fact may be
explanatory for the difference between mean Lac/Cr values
in supra- and infratentorial areas.

The most pronounced aberrations were observed in the
Lip/Cr values. The presence of lipid signals is usually con-
nected with disintegration of cell membranes and increased
levels of free mobile lipids (9), and lipid signals should not
be present in healthy brain areas. The high Lip/Cr propor-
tion values in the posterior fossa could be explained in part
by signal contamination from adjacent fatty tissue, but
voxels located in supratentorial areas were usually distant
from bone marrow or epicranium. In spite of this, the Lip/
Cr ratio is also elevated in these areas, although to a some-
what lesser degree. As no foci of recurrence or necrosis
were observed in the examined area, it could be hypothe-
sized that the increased Lip/Cr ratio could be a sign of radi-
ation-induced subclinical cell damage and result from
increased concentration of mobile lipids in this area. Similar
observations confirming the presence of lipid signal after
brain tissue irradiation have been made by other authors,
giving further support to this hypothesis (4, 5, 10).
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Conclusions

MRS examinations of uninvolved brain tissue indicate long-
lasting and mostly stable metabolic disturbances that may be
attributed to the applied treatment. The increase of NAA/Cr
ratio in the supratentorial area, however, may be a sign of at
least partial recovery of metabolic function of the brain.
Because this study involved a small group of patients and
thus, an insufficient number of evaluable spectra, interpreta-
tion of these data and the conclusions drawn require utmost
prudence. Nevertheless, the obtained results do allow for the
assumption that uninvolved brain tissue in children with
brain tumors is strongly affected by treatment and further
investigation is required to elucidate the meaning and impor-
tance of the observed metabolic alterations.
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The Incidence of Imaging Abnormalities after Stereotactic
Radiosurgery for Cerebral Arteriovenous

and Cavernous Malformations

Stawomir Blamek, Marek Boba, Dawid Larysz, Adam Rudnik, Kornelia Ficek, Bartosz Eksner,

Leszek Miszczyk, and Rafat Tarnawski

Abstract

Objective The aim of the study was to evaluate the incidence
of postirradiation imaging changes after stereotactic radiosur-
gery for arteriovenous malformations (AVM) and cerebral
cavernous malformations (CCM).

Material and Methods A group of 85 patients treated for
arteriovenous malformations (62 patients, 73%) and caverno-
mas (23 patients, 27%) between October 2001 and December
2005 was analyzed.

All patients were treated with stereotactic radiosurgery
with doses ranging from 8-28 Gy. After the irradiation, mag-
netic resonance imaging (MRI) or computed tomography
(CT) was performed at 6 to 12-month intervals to assess the
effects of the treatment. The mean follow-up time for the
whole group was 27.3 months; AVM group — 26 months;
CCM group — 30.9 months.

All the imaging data were carefully reviewed to identify
the radiological symptoms of postradiosurgical damage. T2
or FLAIR hyperintensity, T1-hypointensity and contrast
enhancement on MRI and the presence of hypodense areas
and contrast enhancement on CT examinations were
assessed.

Results Imaging abnormalities were found in 28 (33%)
patients. The symptoms of postradiosurgical damage were
observed in 21 (33.9%) patients in the AVM group and
7 (30.4%) patients in the CCM group. Radiological symptoms
ofradiation necrosis associated with neurological deterioration
were identified in two patients with cavernomas, while no
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radiation necrosis was found in the AVM group. Patients
in whom radiological signs of focal brain edema or gliosis
existed were asymptomatic.

Conclusions Radiological symptoms of postradiosurgical
damage affected about one third of the irradiated patients,
typically without any clinical manifestations. Patients irradiated
for CCMs seem to be more prone to develop symptomatic
postradiosurgical necrosis; this observation, however, requires
further investigation.

Keywords Stereotactic radiosurgery ¢ arteriovenous

malformations ¢ cavernomas © radiation injury

Background and Purpose

Although stereotactic radiosurgery (SRS) is a widely recognized
method of treatment for cerebral arteriovenous malformations
(AVMs), its usefulness in the treatment of cerebral cavernous
malformations (CCMs) is still a subject of debate. Most reports
concerning the effects of AVM or CCM treatment concentrate on
the rate of AVM obliteration and the incidence of cerebral hem-
orrhages from AVMs or CCMs after radiosurgical treatment.
Although incidence and factors influencing the probability of
developing radiation-induced imaging abnormalities after ste-
reotactic radiosurgery for AVMs are also systematically investi-
gated, relatively few data concerning radiation-induced toxicity
of CCMs irradiation is available (1-6,9,11,13). The aim of our
study was to evaluate the incidence of postirradiation imaging
changes suggestive of gliosis, edema or necrosis after stereotac-
tic radiosurgery for cerebral arteriovenous malformations (AVM)
and cavernous malformations (CCM).

Material and Methods

The studied group consisted of 85 patients treated for arte-
riovenous malformations (62 patients, 73%) and cavernomas
(23 patients, 27%) between October 2001 and December
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2005. All patients were treated with linac-based stereotactic
radiosurgery, with doses ranging from 8-28 Gy.

The AVM volumes ranged from 0.14 to 63 mL, with a mean
volume of 11.7 mL. All AVMs were scored according to the
Spetzler—Martin grading system (12). There were 2 grade I, 22
grade II, 26 grade III, 9 grade IV and 2 grade V lesions.
According to the radiosurgery-based scoring system, there were
nine lesions with an AVM score <1, 31 with an AVM score
between 1 and 2 and 22 with an AVM score >2 (10). The mean
dose delivered to the AVMs was 15.9 Gy (range 8-28 Gy).

The mean CCM volume was 1.72 mL and ranged from
0.25 to 8.34 mL. The doses delivered to CCMs ranged
between 7 and 20 Gy (mean 16.1 Gy).

After the irradiation, patients underwent magnetic reso-
nance imaging (MRI) or computed tomography (CT) at 6 to
12-month intervals to assess the effects of the treatment. The
mean follow up time for the whole group was 27.3 months;
AVM group — 26 months, CCM group — 30.9 months. The
imaging data were carefully reviewed to identify the radio-
logical symptoms of postradiosurgical damage. T2 or FLAIR
hyperintensity, T1-hypointensity and contrast enhancement
on MRI and the presence of hypodense areas and contrast
enhancement on CT examinations were assessed. The diam-
eters of visible lesions were measured whenever possible
and maximal diameters were used for comparisons.

S.Blamek et al.

Student’s #-test for independent samples was used for statis-
tical analysis of the maximal diameters of the lesions between
the AVM and CCM groups and to compare the doses and vol-
umes between groups of patients with and without imaging
alterations. A chi-square test was used to compare the inci-
dence of necrotic and non-necrotic lesions between groups.

Results

Imaging abnormalities were found in 28 (33%) patients.
Radiological symptoms of postradiosurgical damage were
observed in 21 (33.9%) patients in the AVM group and seven
(30.4%) patients in the CCM group. 25/28 (89%) imaging
changes appeared within the first 2 years of follow-up. Five
lesions partially resolved after 8—19 months of further obser-
vation, in two patients imaging abnormalities resolved com-
pletely. Sample images of MR-visible radiation-induced
lesions are presented in Figs. | and 2.

The incidence of imaging abnormalities did not differ
statistically between the AVM and the CCM group (p=0.8306).
Mean maximal diameter of the postirradiation lesions in the
whole group was 1.73 cm and ranged between 0.2 and 4.3 cm.
Mean maximal diameter of the lesion was 1.61 and 2.07 cm

Fig. 1 Imaging abnormalities after stereotactic irradiation for cavernous malformation with single dose of 18 Gy. On FLAIR images a wide
region of hyperintensity with an approximate diameter of 3 cm is visible around the cavernoma (a). On T1-weighted images a ring of contrast

enhancement and wide area of hypointensity is present (b)
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Fig. 2 Tl1-weighted frontal (a) and sagittal (b) sections through a cavernoma irradiated also with a dose of 18 Gy with radiation-induced altera-
tions of relatively smaller intensity. A ring of contrast enhancement around the lesion with some signs of edema is visible

in the AVM and CCM groups, respectively (p = 0.4968).
Imaging abnormalities in the CCM group were significantly
more frequent in patients irradiated with higher doses
(p = 0.0008, mean dose 18.1 vs 15.3 Gy in the group with
and without imaging abnormalities, respectively). No asso-
ciation between dose, volume or any clinical parameters like
bleeding prior to embolization, presenting symptoms, sex or
age and the incidence of imaging abnormalities after treatment
could be found in the AVM group. The mean doses delivered to
the AVMs and CCMs did not differ significantly (p =0.8097).
In two patients with cavernomas radiological symptoms of
radiation necrosis associated with neurological deterioration
were identified; no radiation necrosis was found in the AVM
group (p = 0.0188, chi-square test; p = 0.1225 with Yates
correction). Patients with radiological signs of focal brain
edema or gliosis were asymptomatic in all cases. To date, no
cyst formation has been observed in our patients.

Discussion

Imaging abnormalities in brain tissue after stereotactic irra-
diation are a relatively common finding. They can be caused
by focal brain edema, easily recognized on MR images as
hyperintense areas on FLAIR and T2-weighted images or

regions of hypointensity on T1-weighted images, whereas
areas of contrast enhancement are the evidence of blood-
brain barrier breakdown, which also can be attributed to
damaging effect of ionizing radiation delivery.

The incidence of radiation-induced imaging abnormalities
after stereotactic radiosurgery for brain AVMs is usually
reported at the level of 26-30%. Here it reached 33.9%,
which is in good agreement with the literature (1-3,8,13). It
is noteworthy that the presence of imaging alterations was not
associated with clinical neurological symptoms, whereas
some reports indicate that imaging changes are associated
with neurological deficits in 5-10% of cases (8,15). This
finding can be explained by the fact that the mean radiation
dose in our material was lower than reported in other papers
and thus it can be assumed that the risk of symptomatic radio-
logical alterations was also reduced. Nevertheless, two symp-
tomatic radiation necroses were diagnosed in the CCM group
despite the fact that the mean radiation dose was similar to
the mean dose in the AVM group. A strong influence of radia-
tion dose on the incidence of imaging alterations was also
revealed. These observations suggest that patients with CCMs
are more prone to radiation-induced brain toxicity after ste-
reotactic radiosurgery than patients with AVMSs. Similar
results were obtained by Pollock et al. They found that
patients irradiated stereotactically for CCMs experience
radiation-induced complications more often than patients
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harboring AVMs of similar size and location (11). In addi-
tion, Karlsson et al. reported a relatively high number of
symptomatic radiation-induced complications (26%) in
patients treated for CCMs, much higher than expected for
AVMs of similar parameters (6). It has been suggested that
the increased susceptibility of neural tissue surrounding cav-
ernomas to radiation-induced toxic effects is caused by the
sensitizing action of hemoglobin metabolites deposited
around the lesion as a result of repeated subclinical microhe-
morrhages or overt hemorrhage (4). As deposits of hemoglo-
bin metabolites around CCMs were a common finding in our
diagnostic studies, the results of our study could be another
argument in favor of that hypothesis. On the other hand,
Huang et al. reported a relatively low incidence of radiation-
induced complications after SRS for cavernomas (6.7% of 30
patients had imaging alterations in MR studies) and sug-
gested that this treatment modality can be a safe technique of
treatment for deep seated or residual CCMs, unfit for micro-
surgery, although its effectiveness requires further study (5).

The time from irradiation to diagnosis of imaging abnor-
malities did not exceed 2 years in most cases, which is concor-
dant with other reports (9,14). A longer follow-up period would
allow for assessment of the evolution and the kinetics of imag-
ing alterations. Our observations suggest that these changes are
not permanent and at least in some cases can finally resolve.
The need for more intensive investigation of the imaging altera-
tions after SRS for cavernomas has also been proposed by other
authors otherwise suggesting potential usefulness of this tech-
nique in the treatment of inoperable CCMs (7).

Conclusions

Radiological symptoms of postradiosurgical damage affect
about one third of irradiated patients, usually without clinical
manifestations. The probability of the occurrence of radiation-
induced brain damage is strongly associated with the dose of
ionizing radiation administered to patients with cavernomas.
Moreover, patients irradiated for CCMs seem to be more
prone to develop symptomatic postradiosurgery necrosis, this
observation however demands further investigation.
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Magnetic Resonance Spectroscopic Evaluation of Brain Tissue
Metabolism After Irradiation for Pediatric Brain Tumors
in Long-Term Survivors: A Report of Two Cases

Stawomir Blamek, Jerzy Wydmanski, Maria Sokét, tukasz Matulewicz, and tukasz Boguszewicz

Abstract

Objective The aim of our study was to evaluate the meta-
bolic profile of brain tissue of two long-term survivors of
childhood brain tumors.

Materials Two males who were 25 and 33 years old at the
time of examination and had been irradiated for brain tumors
at the age of 17 and 13 years respectively. The first subject
had been operated on radically for medulloblastoma and
received craniospinal axis irradiation composed of a whole
brain radiotherapy with boost to the posterior fossa (total dose
(TD) = 59.4 Gy in 33 fractions) and spinal canal irradiation
(TD =30 Gy in 20 fractions) according to the protocol at the
time of treatment. The second subject had previously received
whole brain irradiation (TD =45 Gy in 19 fractions) because
of inoperable central region tumor of unknown histology.

Methods Shortecho-time (TE =30ms) point-resolved spectra
were obtained using a 2 T magnet. Ratios of N-acetylaspartate
(NAA), choline (Cho), myo-inositol (ml), lactate (Lac) and
lipids (Lip) signal intensities were calculated using the
creatine (Cr) signal as an internal reference. The spectra were
acquired both from the tumor bed area and uninvolved brain
tissue in the first subject, and from uninvolved brain areas of
frontal and occipital lobes in the second subject.

Results In both cases, MRS examination revealed ratios
of NAA/Cr, Cho/Cr and ml/Cr within normal range in most
spectra. Nevertheless, a slight elevation of Lac/Cr (2.47 and
1.05) and a more pronounced elevation of Lip/Cr propor-
tions (45.77 and 3.97 respectively, in uninvolved sites) were
detected in both patients.
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Conclusions Metabolic parameters correlated with neuronal
function (NAA/Cr) and cell membrane metabolites turnover
(Cho/Cr) seem to recover to normal values in long-term
survivors of brain tumors. Lac/Cr and Lip/Cr proportions
could be considered parameters indicating permanent radia-
tion-induced brain damage; however, this proposal requires
further investigation.

Keywords Magnetic resonance spectroscopy © pediatric brain
tumors © long-term survivors ¢ radiotherapy ¢ adverse effects

Introduction

Management of brain tumors in children requires an aggres-
sive therapy usually composed of surgery, chemotherapy, and
irradiation. Late sequelae of this regiment are attracting grow-
ing attention because of the increasing number of long-term
survivors of childhood brain cancer. Most reports concentrate
on white matter damage, cognitive impairment, and results of
neuropsychological testing (2,10,11). The assessment of the
metabolic profile of the brain has not been so intensively
investigated, and available reports deal with patients just a few
months or years after completion of the treatment. Our aim is
to present two cases of long-term survivors of pediatric brain
tumors and to evaluate the results of magnetic resonance spec-
troscopic examination (MRS) of areas both proximal and dis-
tal from the original site of the neoplasm in conjunction with
the results of clinical examination and imaging.

Case Reports

Case 1

A 17-year-old male referred to our institution after the
implantation of ventriculo-peritoneal valve and subtotal
removal of cerebellar tumor in 1996. The tumor was located
in the left cerebellar hemisphere and had invaded the
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Table 1 Results of MRS examinations

S.Blamek et al.

Voxel location NAA/Cr Cho/Cr Cho/NAA ml/Cr Lac/Cr Lip/Cr
Case 1 Cerebellum L 1.07 1.13 1.05 0.73 6.32 15.71
Cerebellum R 1.79 1.09 0.61 0.62 2.47 45.77
Case 2 Frontal L 1.05 1.16 1.11 0.72 1.05 3.97
Occipital L 1.13 1.15 1.02 0.50 0.94 3.24
Occipital R 1.49 1.08 0.72 0.78 0.00 3.05
Norm 1.53 0.98 0.64 0.70 o 02

NAA — N-acetylaspartate, Cr — creatine, Cho — choline, mI — myo-inositol, Lac — lactate, Lip — lipids, L — left,
R —right.* It was assumed that lactate and lipid signals are not visible in the healthy brain.

left cerebello-pontine angle and pons. The histopathologic
diagnosis was medulloblastoma. In 1996, the patient received
craniospinal radiotherapy. According to the protocol at that
time, the whole brain was irradiated with a daily fraction of
1.8 Gy and total dose of 45 Gy with boost to posterior fossa
to total dose of 59.4 Gy. The medulla oblongata and upper
part of cervical spinal cord received 36 Gy. The spinal field
was irradiated with a total dose of 30 Gy with 1.5 Gy/frac-
tion. Control examinations after radiotherapy did not reveal
either tumor mass in the posterior fossa or dissemination in
the spinal canal. MRS examination was performed in 2004.
Voxels were placed in the left cerebellar hemisphere, in the
vicinity of tumor bed and in the contralateral cerebellar
hemisphere for comparison. Results of the examination are
summarized in Table 1.

Case 2

The second subject is a 13-year-old male who was admitted
with diagnosis of central region tumor. The diagnosis was
established after a CT scan was performed because the
patient complained of headaches, decreased vision acuity,
and vomiting. The CT examination showed a solid mass in
the posterior part of third ventricle associated with a wid-
ening of third and lateral ventricles. The tumor was deemed
inoperable at the time of diagnosis. Because of symptoms
of increasing intracranial pressure, a Pudentz valve was
implanted and the patient was referred to radiotherapy. The
patient was in good performance status (WHO/ECOG 1).
Neurological examination revealed discrete horizontal nys-
tagmus and positive Parinaud, Kerning and Babinski signs.
Ophthalmologic examination revealed slight signs of
papilledema. The patient had been irradiated in 1983, ini-
tially with orthovoltage machine and, because of machine
defect during treatment, the remainder of planned dose was
delivered with a cobalt unit. Radiotherapy fields encom-
passed the whole brain, and the total dose delivered was 45
Gy. The dose of 10 Gy was delivered with X-rays with
daily fraction of 2 Gy and next 35 Gy with gamma-rays
with 2.5 Gy per fraction.

Nineteen years after the initial treatment, another brain
tumor was diagnosed. MRI examination performed in 2002
revealed a contrast-enhancing mass in the left occipital lobe.
The third ventricle was slightly widened posteriorly, but with
no evidence of tumor. Total excision was performed in May
2002 and was confirmed with postoperative MRI. Histopa-
thologic examination of tumor specimens revealed a grade II
meningioma. After surgery, the patient was in good perfor-
mance status (WHO/ECOG 1) without obvious neurological
deficits. However, the patient displayed decreased intellectual
function on neuropsychological testing, especially in the area
of short-term memory. This finding was attributed to prior
whole-brain radiotherapy.

A control MRI/MRS examination was performed in
September 2002. No evidence of tumor was found on MRIL
Magnetic resonance spectroscopy was performed using vox-
els placed in the left and right occipital and left frontal lobes.
Results of the examination are presented in Table 1.

Discussion

In both cases, MRS was performed after a relatively long
period of time since high dose whole brain radiotherapy. Most
reports concerning post-irradiation metabolic alterations in
brain tissue concentrate on early effect of radiation on nervous
tissue. Decreases of the NAA signal intensity or the NAA/Cr
ratio are the most prevalent early consequences of irradiation
(13,16). However, literature dealing with the duration of meta-
bolic changes and long-term metabolic effects of radiation on
brain tissue is scant and inconclusive.

In the two cases presented above, the metabolic activities
of neurons both proximal and distal to primary tumor site
seem to be nearly normal as assessed by the NAA/Cr ratio.
The reference value for NAA/Cr proportion based on mea-
surements in healthy adult volunteers in our center is 1.53
(SD = 0.23). In both clinical cases we presented, the NAA/
Cr ratio is within the normal range in most voxels, with a
slight tendency to be lower in tumor bed proximity. This
phenomenon is particularly visible in the medulloblastoma
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case. According to numerous reports, decrease of the NAA/
Cr ratio is a commonly occurring consequence of brain irra-
diation (13,16,17). Results of our investigation suggest that,
in the long-term, post-irradiation NAA/Cr proportion can
achieve values within the normal range for a healthy
population.

Normalization of the NAA/Cr ratio could not only reflect
the normalization of the NAA signal intensity, but also a
decreased Cr signal intensity. In our two cases, analysis of
Cho/Cr and Cho/NAA signal intensities showed that they
were also mostly within the normal range. This suggests that
the obtained NAA/Cr values for our cases are primarily due
to normalization of NAA signal intensity rather than a dimin-
ished Cr signal. This observation could reflect at least partial
recovery of neuronal function after damage caused by ion-
izing radiation; however, further investigation is needed to
provide stronger evidence of neuronal function restoration.

The NAA/Cr ratio in left frontal lobe in the second case is
somewhat below values expected in healthy brain. This
could be a sign of neuronal loss or dysfunction. This expla-
nation correlates well with the clinical findings of impaired
intellectual ability in this patient including impaired short-
term memory and decreased performance on cognitive tasks
and learning problems. There are numerous publications
dealing with the correlation of MRS-visible brain metabo-
lites and intellectual functions. Ross et al. described a sig-
nificant correlation between NAA/Cr signal intensity in the
frontal lobe region and the speed of information processing
(12). These findings are consistent with our observations in
this patient. Moreover, it was reported that radiation-induced
intellectual impairment depends on dose and volume of irra-
diated brain, and is more prominent in patients after whole
brain radiotherapy than after localized irradiation (3.4,6).
Thus, we believe the observed intellectual dysfunction and
slightly reduced NAA/Cr ratio in the frontal lobe are conse-
quences of the precedent treatment.

An elevation of Cho/Cr ratio can indicate increased cell
membrane turnover and cellular density usually associated
with tumor recurrence (7). In both presented cases, the Cho/
Cr ratio had similar values to the value observed in healthy
volunteers: 0.98 (SD = 0.2). Therefore, it can be assumed
that the observed signal intensities of certain metabolites are
connected to radiation therapy consequences rather than to
possible residual or recurrent tumor in subclinical stage.

The presence of lactate signal is usually associated with
altered glucose metabolism, local hypoxia, or impaired lac-
tate washout (15). Additionally, the lactate signal was
recorded in brain tissue of patients with glial cell tumors
with poor prognosis (14). In the presented cases, the lactate
signal can be justified by vascular damage caused by ioniz-
ing radiation, which can result in impaired tissue perfusion
and impaired glucose/lactate turnover (1).
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A striking observation in both cases is the presence of a
high Lip/Cr ratio, especially in the cerebellar region. The lipid
signal is usually associated with cell membrane disintegration
resulting in an increased concentration of mobile lipids. Strong
lipid signals are commonly seen in regions of severe brain
damage or necrosis or in highly malignant brain tumors
(5,8,9). MR imaging did not reveal brain necrosis in any region
of the brain of the two subjects or any signs of tumor recur-
rence. Increased lipid signals in the cerebellum could be in
part explained by signal contamination caused by fatty tissue
adjacent to skull base. However, the lipid signal is also visible
in voxels distant from fatty tissue of epicranium and bone
marrow. Its presence could therefore be attributed to radiation
damage being below the detection threshold of MR imaging.

Resumé

Analysis of the presented cases suggests that the long-term
metabolic activity of the brain after whole brain radiotherapy
may resemble brain metabolic activity in healthy subjects
who have never undergone brain radiotherapy. The similari-
ties are particularly visible in the Cho/Cr, mI/Cr , and NAA/
Cr ratios, which suggests that metabolism of neural and glial
tissues can recover to normal level after a period of aberra-
tions caused by ionizing radiation.

Elevation of the Lac/Cr and Lip/Cr ratios could be used as a
marker of persistent brain damage. However, this observation
requires further investigation because other factors potentially
influencing the Lac and Lip signal intensities such as partial
volume effect and signal contamination could not be excluded.
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Evaluation of the Late Effects of CNS Prophylactic Treatment
in Childhood Acute Lymphoblastic Leukemia (ALL)
Using Magnetic Resonance Spectroscopy

Kornelia Ficek, Stawomir Blamek, Dorota Syguta, Leszek Miszczyk, Danuta Sonta-Jakimczyk, and Rafat Tarnawski

Abstract

Purpose The aim of the study was to evaluate the late
changes seen in Magnetic Resonance Spectroscopy (MRS)
of the brain in Acute Lymphoblastic Leukemia (ALL)
survivors to assess neurotoxicity following prophylactic
treatment with cranial irradiation (CRT) and/or intrathecal
(ITMTX) and systemic MTX.

Materials and Methods The study was performed on two
groups of patients. The first group consisted of 30 children
who received CRT and ITMTX, and the second group was
comprised of 15 children treated only with ITMTX. All
patients were ALL survivors treated between 1994 and
2002. Radiotherapy was performed using two opposite
fields for a total dose of 18 Gy. The children were examined
from 6 to 12 years after treatment. All children underwent a
physical and neurological examination and MRI/MRS stud-
ies. 'TH-MR spectra were acquired from frontal and occipital
regions of the brain. Mean values and standard deviations
were calculated for following metabolite ratios: NAA/Cr,
Cho/Cr, Cho/NAA, and ml/Cr.

Results Three of the 45 children (11%) presented with
white matter changes upon MRI examination. All children
with MRI abnormalities received CRT. In 13 (31%) chil-
dren, changes in 'H-MRS metabolite ratios were seen. We
observed decreased NAA/Cr and Cho/Cr ratios. MR spec-
troscopy showed a significant reduction (P < .05) of the mean
NAA/Cr ratio in children given CRT.

Conclusion MRS is a sensitive detector of late metabolic
changes after prophylactic treatment for ALL in childhood.
It is able to detect metabolic effects of treatment in patients
even when no morphologic changes are visible upon MRI.
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Introduction

Prophylactic central nervous system therapy is an essential
componentof the treatment for childhood acute lymphoblastic
leukemia (1). Cranial irradiation (CRT) and intrathecal
methotrexate ITMTX) have been introduced as prophylactic
treatments that reduce the CNS relapse rate. It is well docu-
mented that radiotherapy and chemotherapy, either alone
or in combination, may lead to structural and functional
changes in the central nervous system.

The children who were irradiated develop long-term neu-
rocognitive sequelae affecting intellectual functions and
psychological status (2,3). Imaging changes revealed upon
CT or MRI after prophylactic treatment are useful in the
detection of CNS complications, but neurointellectual dis-
turbances have been observed without any imaging changes
in some cases (4,5).

Proton Magnetic Resonance Spectroscopy (MRS) is a
safe, non-invasive diagnostic method that may provide more
information concerning neurotoxicity after prophylactic
treatment than conventional imaging. Because many neuro-
logical complications of leukemia are treatable, early diag-
nosis is essential. The aim of our study was to evaluate the
late changes detected in MRS of the brain in pediatric ALL
survivors to assess neurotoxicity following prophylactic
CNS treatment with cranial irradiation and/or intrathecal
and systemic administration of methotrexate (MTX).

Materials and Methods

The study was performed on two groups of patients. The first
group consisted of 30 children receiving cranial irradiation
and intrathecal MTX, whereas the second group consisted of
15 children treated with intrathecal MTX only.
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All patients are ALL survivors treated from 1994 to 2002.

Radiotherapy was performed using two lateral opposed
fields with total dose of 18 Gy and 1.8-2.0 Gy per fraction.
MTX chemotherapy doses depended on the risk group to
which the patient was assigned (Table 1).

The children were examined 6 to 12 years after
treatment.

MRI and MRS studies were performed on a 2 T Elscint
Prestige device using a standard head coil. Localized 'H-MR
spectra were acquired from frontal and occipital regions of
the brain. The mean values and standard deviations were cal-
culated for each of following metabolite ratios: NAA/Cr,
Cho/Cr, Cho/NAA, and ml/Cr. For comparison between
groups with and without RT, t-tests for independent samples
were used. P < 0.05 was considered statistically significant.

Results

There were no unusual neurological findings in either
group. The groups were comparable in gender and age
distribution. Three of the 45 children (7%) showed white
matter changes upon MRI that can be described as demyeli-
nation. The children with MRI-visible changes received cra-
nial radiotherapy. All children treated with intrathecal
chemotherapy had normal imaging examinations. In 14 cases
(31%), changes in "H-MRS metabolite ratios were seen. In
that subgroup, ten children underwent radiotherapy and four
underwent ITMTX alone. We observed decreased NAA/Cr (p
= (0.00003) and Cho/Cr (p = 0.0002) ratios in the group with
metabolic changes in comparison to patients who had normal
metabolite ratios. MRI changes were strongly correlated with
the reduction of the NAA/Cr ratio () test p = 0.00001).

MR spectroscopy revealed no statistically significant dif-
ferences of mean NAA/Cr, Cho/Cr, or Cho/Cr ratios between
the group with cranial irradiation and the group without
radiotherapy (Table 2).

Table 1 Characteristics of the patients

Group characteristics With RT and MTX Only MTX
Sex M-15 M-7
F-15 F-8
Age 4-16 4-17
Median 11 Median 8

Table 2 Summary of metabolite ratios. The presented v